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SUMMARY

Block copolymer (BCP) directed sedbsembly (DSA) is a process widely studied
for the patterning processes in the coming generations of integrated circuit (IC)
fabrication.BCP-DSA takesadvantage o& BCPs natural ability to phase separate at the
nanomegr length scale and aligthem to lower resolution patterns created by traditional
lithographic techniquesuch that the desired IC patterns can be creAtedarsegrained
polymer model was created to investigate BQ®A. By using a coarsgrained model
and treating multiple monomers as a point particle simulation time can be significantly
reduced without sacrificing as much accuracy as older mean field models. In chapters 2

and 3 this model, and methods that are necessary to its use, are described.

Two of the major hurdles to BGBSA implementation are line roughness and

defect density. Chapter 4 considered the effect of guiding layer prop&tiebng lines

with various correlated and amdrrelated roughnesses showed that very significant
guiding oughness is required to have any effect on the BCP film. In chapter 5 it was
found that both line edge roughness (LER) and line width roughness (LWR) increase
approximately linearly with increasing PDI, up to ~ 45% of the monodisperse value at
PDI = 1.5. Mechanisms of compensation for increasé Aand BB roughness were
considered, and when the volume fraction of individual chains was allowed to vary,
similar results were found when considering the PDI of the block as opposed to the PDI

of the entire system In chapter 6, a sharp increase in LER and LWR in aligned BCP
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patterns was found for low Nralues compared to older modelhis sharp increase will

likely preclude the use of low Nnaterials in BCHDSA processes.

Defect density in a BGIBSA sample can be explained due to either a small free
energy difference between the defective and the defect free state, or by kinetic trapping of
defects. Both aspects were considered. Chapter 7 introduteshod to calculatedee
energy differenceand applies it to changes in BCP domain size and to measurements of
the ODT. Chapter 8 applied thermodynamic integration to measure the free energy of a
common defective state relative to the defect free state under various manerial
guiding layer conditiond. t i s found that 6, not 6N as so
determiner of defect free energy. Chapter 9 considévredkinetic aspects of defect
healing as a function of G and NMomaond del v
defect.An exponential increase in the energy barrier to defect formation was found with

G N.

In chapter 10, a method for increasing the efficiency of sampling activated states
in molecular dynamics simulations of polymer systems called protracteced noise
dynamics (PCND) is described. By applying a time correlated random force along the
backbone of thepolymer chain, chain movement wascouraged without significant
perturbation of the free energy of the system. An increase in defect heal dateders
of magnitude wasound as compared to the results from chapter 9 without PCND, and

littler perturbation of the qoperties of a given state wamind.

Finally, chapter 11 consided the effect that linking together diblock copolymers

to form ti, tetra, or penta block copolymers has on domain size and the ODT. A

XXXi



depression in the minimum pitclogsible couldoe achieved usingultiblocks, but the
effect wassmall. The distribution of chain conformations of multiblocksotigh a

lamellar morpholgy wasalso studied.
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CHAPTER 1

BACKGROUND

1.1.Integrated Circuit Fabrication and Lithography

Integrated circuits (ICs)and the microelectronic devices that are based on them
are ubiquitous all over the world today. Though the transistor was first created by Bell
Labsin1947and the first | C was produced in the
Instruments and RolteNoyce at Fairchild Semiconductor, the information age did not
truly take hold wuntil the | ate 19606s and
government use only and entered the commercial realm with the introduction of devices
such as the homeomputer. The reason thataroelectronic devices changed therld
was because of the exponential increase in computing power over time along with the
exponential decrease in the cost for such devices. Gordon Moeliayrater of the Intel
Corporation, foecasted that the numbef transistors per area in amegrated circuit
would double every two years (plotted Figure 1.1%), and his prediction has held true
since he made the prediction in 1975.The critical advancements that made such a
scaling, and such an impact, possible are primarily advancements in micro and
nanolithography, that is, the technique used to define the circuit features in silicon
wafers® The pace at which the lithographic community has advanced IC fabrication is
staggering, but new challenges have arisen that threaten to slow or end such progress.

order to pack so many transistors onto a single chip, the dimensions of the smallest parts



of the transistors must shrink, requiring the smallest feature that can be patterned via

lithographic techniques to shrink with it.
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Figurel.l. Moorebs | aw demonstrat elde by dat a
bIacI;zline corresponds to a doubling of the transistor count every two
years.

The lithographic techniques, namely optical lithographic techniques, thdé m
early progress in increasing computing powsassible are the same fundamental
techniques that are still used today in IC fabricationoptical lithography dayer of
photoresist, a photosensitive polymer, is coated on tapsdicon wafercoated vith a
film of functional material A photomask is used to selectively expose light to the
photoresist. The photoresist reacts to the light and undergoes a solubility change in the

exposed regionsand a solvent is used to selectively remove either thesegpor



unexposed regions. This process is describdéigare 1.2. The minimum feature size

(critical dimension or CD) of this process is determined by

60 Q= 1.1
00

where & i s the gispmwaessdependanyfactoreheagrdtidally limkted

at 0.25, but usually practically lingitl at ~ 0.4% and NA is the numerical apertuoé the

final lens Equationl.l indicates that the critical dimension of such a process can be
reduced by either reducing the wavelength of light used to expesghotoresist, or by
increasingthe numerical aperturd)owever, the depth of focus degrades much more

rapidly by increasing the numerical aperture than by reducing wavelength which has
caused the industry to focus on reducing CD by decreasing wavelength. Feature size has
beem st eadily reduced by decreasing the wave
witHifmgeo (436 nm) andd ntehoe n( 4f0bh enomw €, & 6By n M
laser (248 nm), and ArF laser (193 nf)After the 193 nm exposure wavelength had run

its course, the next logical step was praddb use157 nmlight, but these techniques
ultimately failed'® To compensate, immersion lithaghy, where the air gap between the

lens and the silicon wafer is replddey a high refractive index liquid was us€dThis

worked by increasing the numerical apertuvihen this technique reached the end of its

life cycle, a technique called double patterning was intradiulre this technique, two
exposures are made on the same wafer, patterning twice the number of lines in the same

area'! As traditional techniques have failed, new techniques have risen up to take their



place. But what is next? What is the new technology that will takeldce of the older

methods?
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| E Post Develop ﬂ

Figure 1.2. Depiction of the lithographic process. Light is exposed to a
photoresist which undergoes a solubility change and is selectively
removed using a solveft:.

Negative Tone

Thefirst thought someone might have is to try to reduce the wavelength, and this
is what many in the community are trying to do. The next reduction in wavelength that is
commonly worked on is a reduction to 13.5 nm, known as extreme ultraviolet (EUV).
EUV lithography was originally intended for use in 2508ut it has been plagued with
difficulties and is still not used in an industrial procédse primary difficulty that EUV
has faced is the difficulty of delivering enough power to the wafer to achieweeeffi

throughput* This difficulty is multifaceted. 13.5 nm wavelength light is a relatively high
4



power wavelength, meaning that each photon that is generated requires are large amount
of energy, and improved throughput in optical lithography requires mloogons, so

more energy is required to achieve acceptable throughput. In addition, the methods used
to produce EUV radiation emit the radiation in all directions and so require more
focusing which results in lost phototisFinally, 13.5 nm wavelength liglcannot be
focused using a traditional lens but must instead be focused using mirrors. These mirrors
must be made of layers of molybdenum and silicon or other similar layered materials, all
of which are only ~ 70% reflective of EUV wavelength$® When tools require ~ 10
mirrors to focus light and each of those mirrors is only 70% reflective, only about 3% of
the light originally collected from the source actually reaches the wafer. All of these

troubles combined amount to serious issues with EUMtirput.

A number of alternative lithographic techniques have emerged in response to the
problems that EUV lithography continuous to face. Such methods include: mukiple e
beam direct writé? nanoimprint?! and block copolymer directed self assembly. Ths |

technique has been shown to be very promising and will be the focus of this work.

1.2.Block Copolymers and Directed SeHAssembly

1.2.1.Block Copolymer Basics

Block copolymers are composed of chemically dissimilar polymer chains that are
covalently linked. Because of the low entropy of mixing, polymer blends are generally
immiscible and macroscopically phase separate, but block copolymers are limited by the

copolymer chain dimensions. They cannot macroscopically phase separate because each



block of one polymetypeis covalently linked to a block of a different polyngpe The

length scale of this phase separation is determined by the size of the chaifly ty@da

20 nm in size, ideal for the coming generations of integrated ciféii¢hile a variety of

block copolymers with a number of differesbmbinations of monomer typesre
possible, linear diblock copolymers, which contains two types of polymarsected at a
single junction, is the most commonly studied and the most likely candidate for use in IC
fabrication.Such diblock copolymers will selhssemble into arrays of nanometer sized
domains when heated above their glass transition temperaturéulkhphase behavior

of such polymer has been extensively studied by multiple groups, both experimentally
and theoretically*?® Morphologies from spherical to cylindrical to gyroidal to lamellar
are obtainable and are generally understood to dependeomottime fraction of the

blocks of the BCP and the product of the degree of polymerization (N) and the Flory

Huggins interacti onHupgagriannse tece rp a(rcame tTehre dFelsac
of interactions between tbloeks irntenaot veoylweaklk s : a
and therefore favor phase separation, and

favor mixing. This is shown by the phase diagram as described by -fieddn
calculations as is shown Figure1.3.2"3! The phase is primarily determined by the block

volume fraction (commonly referred to gsd r ), tivhile the ordedisorder transition

(ODT) is determined by a combination ofthdd ock vol ume fraction a
The ODT is found f=00.5kmuglads wit B¢ seen ldted, ths isfruer
only for very ideal case®>*For the purposes of IC fabrication, the lamellar morphology

is of primary interest because thegsemble the line and space patterns formed by

traditional optical lithography. Cylinder forming BCPs are also of interest for the specific



purpose of forming or rectifying vias (connections between layers in ti2*{@nd for

bit patterned media fabricatidh
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Figure 1.3. Meanfield block copolymer phase diagram and images of
various possible morphologies: Close Packed Spheres (CPS), Body
Centered Cubic Spheres (S), Hexagonallgs€l Packed Cylinders (C),
Gyroid (G), and Lamellae (L). Adapted from Bates and Fredrickson

It is important to note that the smallest feature siBCP is capable of forming is
Il i mited by the ODT. The size of a BCP domze
and tle stiffness of a polymer play small role). This means that the feature size in a

BCP is shrunk by reducing Nsodearsasing Niwdl decr
7



eventually |l ead to too small aThis Meantlaal ue wh
the smallest pitch thatBCPcam f or m i s | imited by 6; a hig
further before the system mixes.-BMMA forms a minimum fich of about 17 nm at

the ODT.A pl ot showing the mini mum ©pitch as
homopolymers have similar stiffness i®am in Figurel.4 on a semiog scale In order

to achieve significant reductions in minim
order of magnitude increasei ¢ f r o mb-PMMA) 40 0.4 Ki&ds a decrease in

minimum pitch from ~17 nm to ~5.5 nm, and this assumes that[B&A processes will

work at the ODT. In order to reach 10 nm pitclg a of ~ 0. 12 i sitig equi r
much mor e | i kilaboye the OBTtwill be rexyiNredvice effective BOFSA

processes, so the true useable minimum pitch will be well above this value. If the
required value f is28 (afairlylowe st i mate) then a 6 of ~ 0.
order of magnitude highé¢han the oft studied R&EPMMA) . | f 40ais reqdredo(d
ratherhighe st i mat eo) ~ Q.74 s requeied ® reach a pitch of 10 nm. Because of

this, development of high ¢ -DRAadommunitgg.l s i s a
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1.2.2.Directing BCP SelfAssembly

As stated before, BCPs phase separate on the length scale of interest for IC
fabrication, but without any direction or alignment cuetjia film of lamellae forming
BCP will form what is called a fingerprint pattern as seeifrigure 1.5, which is not
useful. In orde to overcome this limitatignBBCPs are externally directed, generally by
some prepatterned underlayer, though BCPs have also been aligned using electric
fields*® and shedr. BCP alignment generally falls into two categories: chemoepitaxy,
shown in Figure 1.6, and graphoepitaxy, shown faigure 1.7, though some hybrid

methods have been recently introdu¢®t.

as



Figurel.5. Image of fingerprint in a simulated BCP.

conventional BCP coating
lithography & anneal

- oo (0

Figurel.6. Example schematic of a chemoepitaxial process.

Etch

conventional BCP coating Etch
lithography & anneal

- il (0-

Figurel.7. Example schematic of a graphoepitaxial process.

In chemoepitaxy, conventional optical lithoghg is used to define a chemical
pattern in the underlayef.he BCP is then coated and annealed, either by heating the

BCP above the glass transition temperaturg ¢F the polymer, or by incorporating
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solvent vapor into @ BCP film and thereby deprefi®e T, of the polymer systerff, or

some combination of the t¥d this allows the BP to selfassembleand align to the
guiding layer.One common method is to have a-catled pinning stripe that is
preferential to one of the block of the BCP, and a wideradled backgroundstripe that

is relatively neutral to both blocks of the BCFhe pinning stripe pins one block (say the

"A" block) in place and then the remaining B and A domains lay over the background
stripe. The alignment propagates from the A block pinned to the pinning stripe to the
adjacent blocksFigure 1.6 shows a 1:3 pattern, that is, the pinning stripe defined by
conventional lithography has width equal to the width of a block in the BCP, and the
neutral stripe has a width equal to three times the width of a block in the BCP, leading to
BCP pattern that is twice the density of the pattern made by optical lithogtapty
density multiplying process), as shown in Figure 1.6. Higher density multiplying
processes can also be used, such as a 3x density multiplying process that has a 1:5 pattern
with a neutral stripe five times the width of one of the BCP blocks. Onamgaof a
process using this method of guidance is theNdaley (LiNe) proces¥ After the

pattern has been formed by the BCP, one of the blocks is removed via a selective etch or
some other selective removal process, resulting in a line and space paitgr can then

be used in subsequent IC fab steps.

Similar to chemoepitaxy, graphoepitanges conventional lithography to define a
guiding layer, but instead of defining a chemical contrast it defines a topographical
contrast. The BCP aligns to the vgalind alignment propagates into the middle of the
space between the aligning walls. Aftemoving one of the bloskvia anetch or some

other selective removal, the pitch is ageeduced from the original pitch of the optical
11



lithographic patternbut orly in the area between the guiding walls. The guiding walls
themselves (which can be many times wider than the BCP blocks) are not modified and
sothe pitch is not changed in that regiéiigure 1.7 uses a wall that is the same size as
one of the block of the BCP, but this is not typical as such walls are usually much wide
than the blocksThese wide walls amount to wasted space in an IC pattedrs@

chemoepitaxy igenerally the preferred method.

1.3.Challenges in BCRDSA

According to the keynote paper at the 2015 SPIE Advanced Lithography:
Alternative  Lithographic Technologies conference: "For consideration as a
manufacturing method, BEGBSA must generate a pattewith equivalent or improved
(A) pattern quality in terms of line CD and roughness and (B) defect defs8jutlying

the causes and methods for controlling these prop&tesiajorfocus of this thesis.
1.3.1.Line Roughness

Line roughness comes in two varest line edge roughness (LER) and line width
roughness (LWR). LER refers to variations in a line edge away dretraight line while
LWR refers to variations in width along the length of the Aseseen ifrigure1.8. It has
been shown that LWR is more importéimain LERwhen considering device performance

a current length scalé§“*® but because the two are so closely related (in traditional

lithographic systems LWR is generally equal lgd 'OJ¥ and the same types of
phenomena cause eadhgey are both commonly studiedER and LWR are both

commonly reporteca s 3 0 Vv al ueysre repohed tas 3 temethé btandard
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deviation ofeither the deviation from a straight line edge (LER) or 3 times the standard

deviation from a uniform line width (LWR).

a) b)

Figure 1.8. Tog down schematic ofa) LER and (b) LWR. LER is the
deviation from a straight line edge, and LWR is the deviation from a
uniform line width.

According to the International Technology Roadmap for Semicondutéos,
the 11 nm CD node, 30LWR muhs25nmeo3mmthatw 0. 9
current best practices reach in -B®MMA.>* | n t he 9006 s, Semenov
roughness of BCPs in the strong s%Yregat.
However, until recently, not much study has been done on line roughnibesdantext
of BCP-DSA. Portions of this work will consider the effect of material properties and

processing conditions on LER and LWR in BOBA.
1.3.2.Defectivity

Defectivity is prolably the primary limitation oBCP-DSA. Though much work
has been done to recki defectivity in BCFDSA, defectivity is still on the order aéns

of defects per chin the best process&sThis is still orders of magnitude above the
13



desired defect density of 0.01 defects per.thDefects are still rampant in many
demonstrated process flows, and though understanding is increasing as to the
fundamental causes of these defects, there is still a long way to go towards a complete
understanithg.>>*® As can be seen iRigure 1.9 which shows the defect density of an
IMEC procesy¥' over the 2013 year of study, defectivityillsstruggles to improve.
Previous studies have calculated the free energy of defects in laterally confined systems
(that is graphoepitaxy guidingand in chemically aligned systems as a function of
guiding linewidth but there are still a great many fegiavolved in defect formation that

are not yet well understodd>’ There are two possible causes for such high defectivity:
the free energy difference between the defective and the defect freis statdl enough

that the equilibrium concentration of defects is simply above the desired density, or
defects are being kinetically trapped during the annealing step. The defect density can be
related to the defect free energy Equationl.2.>

; < A (0]
£ W QDW 712

The parametera is the size of the defectBecause the defect density depends
exponentially on the defect free energy, an accurate calculation of this vahite# to
understanding anticipated defect levels in D@Acesses.Both defect free energy and

kinetics of defect healingill be investigated in this work.
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Figure 1.9. Plot of defect density over time for an IMEC process from
March 2013 to February 2024Defect density is slow to improve.

1.4.Modeling of BCPs and BCRDSA

The standard modaind theoryfor the simulation and study of block copolymers
has for decadebeen the Gaussian model and -selfisistent field theory, also called
meanfield theory®® It was first extended to BCPs in 1975 by Helfahtf.In this theory,
diblock copolymers are treated as elastic threads that must fill space uniformly and which
interact with an unfavorable contact energy. Instead of modeling all chains at once, the
interactions are replaced by fields which represent the total time averaged interactions
experiencd by individual A and B segments, as seerFigure 1.10. This makes the
calculations extremely efficient with only a minimal cost in accurd&gcause time
averaged fields are used, fluctuations at the interface are igndfbde n cMigeands | a

structures are very well ordered then the fields are large compared to the interfacial

15



fluctuations and the model is accurate. Near the ODT the fluctuations are strong enough

to affect the chain configurations, and accuracy is significantly dihedis

:

.

—B Field
—A Field

Field Strength

Figure 1.10. Meanfield theory models focus on a single molecule and
models the interactions by two static fields, one for the A blocks, and one
for the B blocks.

These models and their derivatives are responsible for almost all of the modeling
of BCP systems since the 197006s wuntil rece
the phase diagram shown kigure 1.3 and yielded valuable insight into BCP phase
separation. In 1980 Leibler developed an analytical approximation to the full mean theory
for use in weaklsegregated melts commonly referred to as wssakegation thegr"
This model provided a nice explanation of the structure of the 4freddrphase diagram
near the ODT, and yielded mixed state scattering functions which are still used today to

me a s 2P &lowever, the weakegregation theoryecomes inaccurate inettlemixed
16



state abo&¥ and evln in-thislrégjon the mean field model is inaccurate.
Eventually, fluctuation corrections were made to this model improving its acctiraay,
evidence now suggés even with the corrections the wesdgregation theorys

inaccurate in the demixed stat&®

In 1985 Semenov developed a theory for an analytical analysis in the strong
segregation regim&>**When N is very | arge, hedthat A an o
they can be modeled as essentially straight chains perpendicular to the interface. This
theory, generally called strong segregation theory (SST), gives similar phase boundaries
as the full mean field calculations and indicates that the more comipéses such as the
gyroidal phase are unstable, consistent with experiffiéhiSo far, researchers have
considered corrections for the junction entrdpy, chain end entrogy, chain
fluctuations’® and interface overcrowdify However, direct comparisons with SCFT at
6N ~ 1000 s u g gsegrégationHimitis still hat fully undein § Perhaps
more importantlymost BCPs are studied whenN< 100 and SST is very inaccurate at

these segregation

Meanfield and seHconsistent field theory methods have been used for decades
and provided valuable insight into BCP fundamentals. Todegnfield models are still
commonly used to study BCPs in a variety of areragen with its fundamental
inaccuracies near the ODT. However, in recent years, new models have been developed

to compensate for the shortcomings of mBald and seHconsistat field theories.

One method that has recently become more popular is the -gpansimg of BCP

polymer systems. Instead of reducing calculations by modeling the interactions as a time
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averaged field, the calculations of the mdoogy problem are reduceoy lumping
together multiple atoms as a single entity. This results in a significant reduction in
calculations over a full atomistic or salbomistic representation of these chains, but a
significant increase in calculations over the older rfegld modds. This has been
possible because of great increases in computing power available to researchers in recent
years. Once coarsgained, both Monte Carlo methdfisnd molecular dynamig@/D)
method$”"® are usedWhether Monte Carlo methods or MD methods are used, these
coarsegrained models are fundamentally more accurate than-freddmmodels because

they include all relevant fluctuations. The only error that will exist is due to the errors
associated with coagyraining, which includes both the inherent spatial averaging and
the development of accurate interaction potentials. In general, these errors are small,
especially compared to the previously discussed ffiemh models.This work uses a

coarsegrained mdel and MD calculations to study BAPSA.

Molecular dynamics is essentially a very large initial value problem where
Newtonds equations of motions are solved
ensemble, the number of molecules (N), volume (V), emergy (E) are kept constant.

This corresponds to an adiabatic system. In this ensemble the governing differential
equation is:

Ow auvo nY @
1.3

whereF is the force on the particles with positinrm is masst is time,v is the velocity,
and U is the potential energyGiven some initial set of positions and velocities, the

positions are integrated through time using a method such a¥dloeity-Verlet
18



method®® However, simulating systems that are not adiabatic would be greatly
advantageous. Other common ensembles include the canonical ensemble (NVT) and the

isothermalisobaric ensemble (NPT).

In the NVT ensemble the number of particles (N), volume @vd temperature
(T) are kept constant. In this case the energy of endothermic and exothermic processes
are exchanged with a heat sink. Common thermostats for NVT simulations include the

NoséHoover thermost&t, the Berendsen thermogfat, and the Andesen thermostéit

In the NPT ensemble the number of particles (N), pressure (P), and temperature
(T) are kept constant. This ensemble uses both a thermostat and a barostat. The barostat
must change the volume of the box as the pressure changes. Barudtate the
Berendsen barostat, théoséHoover barostat, the ParrinelRahman barostit and the

MartynaTobiasKlein barostat.

One other moddbr simulating BCPsvorth noting is the so called singbdain in
mean field (SCMF) modé&® This model is a combination of mean field and coarse
grained MC or MD methods. Polymer chains are explicitly modeled as in the MD and
MC techniques described above, but these chains act in response to a field that is
periodically updated baden the modied chains. The chains aegplicitly modeled but
do not directly interactThis method tries to reduce the impact of the inaccuracies of
meanfield models, but does not go as far as complete MC or MD methods. Because of
this, and its slightly more compéted implementation, it iless commonly used than

either the meatffield models or the coarsgrained MC and MD models.
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BCPs have been studied using various models since the 1970s, most notably via
meanfield methods. These methods are computationalligiefit, but suffer a loss of
fluctuations and so exhibit inaccuracies, especially near the ODT. In order to overcome
these shortcomings, and because of the advent of increased availability of computing
power, coarse grained MC and MD models have become mammon. A coarse

grained MD model is used in this work.
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CHAPTER 2

COARSE-GRAINED MODEL

Directed seHassembly (DSA) of block copolymers (BCPs) is a promising
technique for producing st@0 nm pitch regular patterns attte development of these
DSA techniques could benefit greatly from computer simulation of such méthods
Many theories and simulations have been used to study block copolymers already, with a
great deal of work focusing on the order disorder transition (ODT), the-order
transitions between various morphologies such as hexagonally packed cylinders, or
lamellae, and the spacing between the various structural units that make up a
morphology. Leibler used medield theory to predict the phase diagram for dldick
copolymer system, which Helfand, and later Fredrickson, improved to include
fluctuations"® Thi s change brought tHugginspnteoacionst o f
parameter) and N (the degree of polymerization) at the ODT and the periodic spacing
prediction into agreement with experiment in the weak segregation regime, where the
drive to phase garate is small. Others developed various rfedd and selconsistent
field theory (SCFT) to study the strong segregation regime where the drive to phase
separate is large™® Simulation methods such as mean field and-amffsistent field
theory sufferfrom a number of limitations, especially the exclusion of fluctuations, that
affect their accuracy and their level of detail. Simulation methods that include
fluctuations, such as molecular dynamics (MD) methods often use unrealistic potentials
such as prely repulsive or nofinteracting potentials for unlike monomers, and/or are

very slow.'*? By combining molecular dynamics and realistic potentials, a model can
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potentially provide more accurate simulations of the inherent polymer behavior,
dynamics, anequilibrium states without a need to guess modes of molecular movement
(as is necessary for Monte Carlo methods). Thissgeciallytrue for polymer systems

that have very different densities or interaction strengths, as is the case for almost all real
poymer systemsThe effects of mismatched density or interaction strengththen
behavior of theBCP is not well understood, therefore a model that can handle these
differences is valuableWe have developed a novel model for simulation of BCP
behavior andDSA processes based on molecular dynamics of comeseed polymer

chains simulated using graphics processing units (GPUSs) to perform the calculations.

Statistical Segment

OCH; OCH; | OCH; OCH;

OCH; OCH;

/

Figure 2.1. Description of coarse graining of polymé&ome number of
monomers, corresponding to the statistical segment length, are modeled as
a single bead and linked tougher.

The polymers consist of a beagring type system where a single bead
corresponds to multiple monomers as showrFigure 2.1. This coarse graining can

result in simulations ~10R00 times faster than atomistic simulations, depending on the
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scale of coarse graining used in the polymer modeddttition, this work uses graphics
processing units (GPUSs) to perform the calculations. This is very effective because of the
natural parallelizability of MD simulations. Using HOOMBlue simulations can run up

to 200 times faster on a GPU enabled compatrcompared to a standard desktop
computer:*** By combining the two speed gains from coarse graining the simulation and
using GPUs for the calculations, the simulation executes at speeds 40,000 times faster
than conventional atomistic simulations and apphes the speed of other more
commonly used simulation techniques for BCPs. The purpose athafgeris to more

fully describe the modedescribe commonly used techniques, and compare the model
with other existing modeldn this chapter, ldescribea method to measure the pitch of an
off-lattice BCP modela method to determine the ODT the offlattice MD systemand

amethodtodacul ate 6 for that same system.
2.1.Coarse Grained Model

We modeledolymers by grouping a number of monomers into alsibgad, as
shown in Figure 2.1. Each bead, when modeling a real polymer, corresponded to
approximately a statistical segment lengththat polymer. To verify thisfully periodic
atomistic simulationsof various polymerswere run using the software Molecular

Operating Environment (MOE) arihuation2.1 was fit to the resulting atel®

wé 0O Q| 21

dis the angle between the vector defining the direction of the polymer chain at any given

monomer and the vector defining the direction of the polymer chain k monomers away.
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ko is the statistical segment length in number of monomers. The vector defm@ng t

direction of the polymer chain abmemonomeri is the vector from the center of mass of

monomeri-1, to the center of mass of monomefd. The resulting data is shown in

Figure 2.2 for various polymers of interest and the resulting fit parameters are shown in

Table 2.1. For most of this work, a statistical segment length corresponding to 4

monomers was chosen as it best matched the polymers of interest.

——PS
——PMMA
—a—PHOST

2 4 6 8 10
k (Number of Monomers Away)

Figure2.2. Plot of @b ¢ ©Oas-a function of monomeric separatidiis the
angle between the vector defining the direction of the polymer chain at
any given monomer and the vector defining the direction of the polymer
chaink monomers away
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Table2.1.Table of fit parameters of Equati@rl to the data irFigure2.2.

PS PMMAPHOS

Kp( mononm?2.¢ 4.0 4.

1

Eachcoarse grainetlead interacts via three potentials, a stretching potential that

acts between two bonded beads, an optional angle potential that acts between every set of

three consecutively bonded beads, and abwrded potential thatffectsall beads that

are not bondd and are nottwo bonds apart. This is illustrated Fgure 2.3 and the

equations used are shown in Equatidi2s 2.4.

O 1 Q 1 v

O i 1 & o
s, 8 45,00
ENon bonded: eij %Tjg - 2 rJ 8 lll
@ - g - H
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23

24

The stretching potentialEquation 2.2) has a harmonic form and tethers the beads

together kg is the strength of the harmonic oscillatar,js the distance between bonded

beads and L the equilibrium distance of the given borithe angle potentiglEquation

2.3) also has a harmonic form and is used primarily to prevent collapse of the polymer

chain where kang is the strength of the harmonic oscillatar is the angle of three

collinear beadsand A the equilibrium anglén some cases whdreads that are separated

by 2 bonds (beadand bead+2) interact via the notvonded potential, crystallization of
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polymerstheoreticallyamorphougolymersoccurred.For this reason, instead of the81
beadsinteracting viathe nonbonded potentiahn angle potential was introduced which

has beershownto giverealistic chain statistic$f there was no direct interaction beten

beads separated by two bonds then there beads would often overlap to increase density
and increase nehonded interaction; however, this is unrealistic so the angle potential
was used.Equation 2.4 gives the nofbonded potential wheré] is the strength of
interaction between typeand typej beads/ is the equilibrium distance between bead
typei and bead typg andr is the actual distance between the two beads. This is similar

to a Lennardlones potential, but softer and broader because the exponents are 8 and 4

instead of 12 and,@vhich works well for such a coarsely grained system.

Estr(r) = kger (r— L)z

Eang(r) = kang(a - A)Z

// Eron-bonded (r) = Eij

+—

() -2(3]

Figure2.3. The three potentials used in this model: #rresponds to the
energy of bond stretching, afg corresponds to the energy of angle
bending, and Enbondedrefers to the energy of the nwonded interactions.

This potentialset was then used in HOOMBIue, using GPUs and the Nesé

Hoover thermostat for constant volume and temperature, or theHdmséer thermostat
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and the Anderson barostat for constant pressure and temperature simulioerslly

only diblock copolymers we considered, but it iquite simpleto extend the model to
higher order block copolymer®.g. triblock copolymers)as well as star polymers or
other nonrlinear polymersGenerally,one oftwo simulation buildsvas used:either a

bulk simulation wherehe system is periodic in all three dimensiamsa thin film
simulation where the system is periodic in the x and y dimension, but not the in z
dimension.The bulk simulations were built by placing the first bead on a chain randomly
in space. Subsequentduts on that chain were built at the equilibrium angle and bond
length in a random direction, simulating a random wd&lke thin film simulations
contained two parts: the underlayer and the BCP film. The underlayer was built using the
same beads that conste the film. The underlayer was built to model a brush with the
bottommost bead of the chain, i.e. the one in contact with the hypothetical substrate,
fixed in space. This condition corresponds to the brush polymer chains being tethered to
a substratsuch as silicon. The tethered bead chains were placed on a square lattice 15 A
apart in the x and y directionsBrushes tetheredloser than this distandermed an
unrealisticdensity wave (largeoscillationsin density)in the BCP film near théilm-
underlayerinterface In addition,the BCP filmhadno apparent interpenetration of the
BCP into the underlayerBrushes tethered furthéman 15 A distancked toBCP chains
quickly penetrahg completely through the underlayer no matter how lorghbitush
chains were madehich is unrealistic sincenia real system a brush is tethered to a hard
surface which prevents this. A plot demonstrating these issues is shéwurie2.4 and
related pictures from instances of the simulations are showigime2.5. The length of

the underlayer chains used was six beads. Fewesthdeads per chain again resulted
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in density waves in the BCP film near the film interface because the fixed underlayer
beads at the substrate surface were not sufficiently shielded from thevklah leads to
changes the packing structure of the fileads. Another layer of fixed beads was placed
below the brush to act as a hard surface and prevent inversion of the brush. The
patterning of these underlayers was done by setting the beads in the underlayer chains as

either A or B as a function of posin.

1.2 -
= 1]
e il
o -
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Figure 2.4. Density as a function of depth through the simulation.
Different spacing of the tethered points in the underlayer different
density profiles. When the spacing is too low, density waves propagate
from the interface before leveling off to bulk density.
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< BCP
Film

< Brush
<“Wafer”

A%

X 5 nm

Figure2.5. Images of simulation with various underlayer chain spacings.
The film is colored blue and the underlayer brush (with artifical wafer) is
colored red. The film is a homopolymer film. a) 25 A spacings result in a
very low density underlayer and penetratajrihe film beyond the bottom

of the underlayer. b) 15 A spacings result in some penetration, but it does
not penetrate through the entire brush. ¢) 10 A spacings result in a poor
interface and no interpenetration. For this work, and intermediate spacing
of 15 A was used.
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2.1.1.Parameterization of Coarse Grained Model

The six parameters that can be manipulated in the three potential sets must be
parameterized in order to reproduce real polymer properties. The segment stretching and
angle termscan be fit tomach rigorous atomistic simulation results or to match
experimental Rvalues. The atomistic and coarse grained models were compared by
calculating an equivalent coarse grain location for the atomistic simulation. The center of
mass of each group of monomméhat constituted a bead in the coarse grained model was
taken as the equivalent coarse grained bead location. As sEmutia2.6, which plots
histograms of atomistic and mesoscale bonds and ahsfiebutionsfor PS and the
coarse grained equivalergood agreement between the two simulations was obtained
regarding bad to bead distance and the angles between each bead. Thended
interaction can be fit to experimental density, which is primarily controlled, tand
cohesive energy density, which is primarily controlledbyrhe effects of each nen
bonded paramet are largely separable, but some fine tuning over the entire set is

required for very good accuracy.
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Figure 2.6. Bond and angle distributions for atomistic and mesoscale
simulations oPS

For many stues, it is more desirable to study an idealized system than a realistic
system. For this purpose we choose a set of parameters that resulted in realistic densities,
cohesive energy densities, and angle and bond length distribution similar to that of
polystyrene. To investigate a BCP system, the same potentials are used for both the A
and B polymers.The AB interaction potentials are identical to the homopolymer
potentials, except for the ndronded scalaths. A difference in thisvalue from the
homopolyme values((baand$g) account s f or inh systenFirtker e n c e
discussion of this interaction is includedsection 2.3This model can then be perturbed
by varying the parameters in Table 2.2 in orttestudy theeffects density, cohesive
energy density, stiffness, or other polymer properties have on different BCP systems. The
exact parameters used in the symmetric poterihat is, a system whepolymer A has

the same parameters as polymer B, is founihinie2.2.
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Table2.2. Potentials used for generic, symmetBEP.

L Keir A Kang Gi g
(A)  (kcal/(mol*nm? | (rad) (kcal/(mol*rad?®) = (A (kcal/mol)
A Hompolymer | 8.2 100 ¢“To 5 12.6 0.5
B Homopolymer = 8.2 100 ¢ To 5 12.6 0.5
A-B 8.2 100 [ () 5 126 Deter mi n

2.2.Measuring Pitch

It is necessary to be able to measure the size of the structures formed when
studying BCPstructures and alignmennbr der match a guiding | a:
with the BCPs natural repeat distance, or to look at the effects of deviations in the

underlayer away from that distance, the natural pitch of the BCP must be measured.

In simulatons of block copolymers, the structure fac8(g) can be evaluated
from the Fourier transform of the radial pair distribution function. The structure factor
provides equivalent information to the pattern observed in a -smglé scattering
experiment sch as smalbngle xray scattering (SAXS) and smahgle neutron
scattering (SANS§. Smallangle scattering is commonly used to evaluate a nuwiber
properties of the system such as the BCP domain size based on the position of the peak
maximum,q*.**?° S(q)is calculatedusing FaberZiman methods in Equatioh5 where

21-23

the pair distribution functioms denoted by(r). representative plot db(q)is shown

in Figure2.7.
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Figure 2.7. Representative plot &(q) The location of the largest peak
corresponds to thgitch of the BCP system.

The q location of the largest peak corresponds to the repeat distance of the

polymeras given in Equatio.6.

A 26

It is common to use modification functions to improve the evaluation of the
integral in scattering since one cannot eviuhe integral to infinity. The smaller peaks

in Figure2.7 correspond to such errors. One of the most commonly applied modification

functions is the Lorcvi ndow f unct i o%iusedss ontljnédribuB)al>( " r / R)

This produces Equatiah?7.
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Applying this produces a positive spectra with only one obvious dominantpesen in
Figure 2.8. Although use of the Lorch window function improves the look of the spectra
and likely its quantitative accuracy, it is not needed to simply obtain the position of the

strongest peak.

300 =—\\/ith Lorch Window
250 4 —=—=\Without Lorch Window
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Figure 2.8. Representative plot comparing the raw S(q) calculation to that
including the Lorch window function.

Whether using the Lorch window function or nbistmethods effective, but the
limited integrationlengths we could achieve relative to the domain size of the systems,
especially for large domain systemesults in some errom order to account for the error
associated with these limited integration lengths, systems were built at various known

repeatdistances an&(q)was calculated for various integration lengths. Plotting the error
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(defined in Equatior2.8) as a function of Reasred Rmax (Rmax IS the limit of theS(q)
integration in Equation8.5 and2.7) yields a single curve as shownhkigure2.9. Thefit

to this datas used as a correction factorsnbsequenteasurementsf unknownrepeat
distances. In general, valuebRnyax that are much greater than.g,eq are usedso that

the error is relatively small.

(0] O
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Figure 2.9. Plot of the measurement error vs. measured dimension /
integrationlength. This calculated error is used to correct measurements of
unknown natural pitches in BCP systems.

2.3.Measuring G

A very common way to experimentally

Lieblerds t heor%*Bfeccra uB @R rasednaihase approxignation
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(RPA) theory is only valid in the mixed phase, measurementgitimer made at high
temperatures and extrapolated into the demixed phaseasurementsre taken at small
chain | engths and then the 6 Agnilareethog asur e
is usedn our simulationsThe structure factorfromi ebl er 6 s t heoisy i n t
fit and extrapolatbto the demixed state. Insteadexitrapolating via temperature or via

chain length, both of which have their own set of assumptithresextrapolaion is

performed nas. & similar approach is taken by Medapuram efa&l.full explanation is

given below.

G is defingabyBoy*?Equati on

ayo ¥Q Yy 29

where z is the coordination numbepwis the exchange energy, k is the Boltzmann
constant, and T is the temperature of the system. The exchange epergydefined by
Equation2.10 as the energy penaltgrfreplacing an AA or a B-B interaction with an A

B interaction.

WO 0 go o 210

wj is the interaction energy betweenidoead and § bead Since the interaction energy
in this modelis defined bythe norbonded potential parametérqpwcan bedefinedfor

our systenby Equation2.11
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This showsthatewscales linearly with changes Ghs. As long as the density of the &
interface does not significantly perturb the systenspordination number (the number of
beads &ingle bead interacts with)ill remain a constantSincekT is a constantg is will

scale linearly witHAg until zis perturbed by density variations at theBAnterface

Lieblerds t heory 212¢xpthmafionsankddfinitioly ofFEEcgru at i o n

be found in)fLieblerds work

A R — : 212

N is the degree of polymerization and is knowgis the volume fraction of the A block
andisalsoknowmand 6 ar e t he p astracioe faetorSo(qfused t o t |
in Equation2.12 combines thé&(q)values calculated from all pair distribution functions.

There are three methods of calculatingSaf(q) found in literature: the FabérZiman
method*?*?3, the Ashcrofti Langreth method?**? and the Bhatiai Thornton

method**, Which should be used to match Leib
theory? The Faber Ziman methodis calculated via Equatio8.13 where}q is the

monomer density and; is the pair distribution function calculated betweeand j

components.
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This results in three different structure factd®si, Sgg, and Syg. Faberi Ziman uses

Equation2.14 to calculate the total structure factor.

Y R OO0 Y 1 p 214

h

wheregc; is the normalized concentration of atoi(s; = ni/nieta, Which is equivalent té,
or (ia in Flory nomenclatuneandb; is the neutron or Xay scattering length of species
However, b; is not well defined for our systenwhich is problematicAshcroft and

Langreth definé&ro(q) using equationg.15and2.16 whereli is the Kronecker delta
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Again, b; is not well defined for our system. Additionally, the Ashcrofi.angreth
method is much less commonly used in literature. Bhatia and Thornton Sgtipesing

Faberi Ziman formalism (Equatio.13), but define three different ways of calculating

the overallS(q)as defined in Equatiors17- 2.19.
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Swv(q) is the numbenumber partial structure factor. It allows a global description of the
structure of a solid, that is, the repartition of the experimental scattering centers, but the
nature of the chemical species spread in the scattering centers is mé¢r@mhScc(q) is

the concentratiogoncentration partial structure factor. It describes the chemical order in
the material.Syc(q) is the numbeconcentration partiastructurefactor. This gives a
correlation between the scattering centers and the chkesgecies that occupy them. In

the case of an ideanixture, Syc(gq) = 0 and all the structural information is given in
Sun(q). Becauseave care about the chemiaalpartitioningof the A and B bead§:c(q) is

the appropriatstructurefactor to use.McCarty et al. agrees and usgss(q)t o f nd & .

Sc(q) (Equation2.18) i s f it t o(EduaionB.128 in éhe mixeth e or y
statefor multiple values oflls. A representative ploof the fit is shown irFigure 2.10.
The results of this fitting are shown fiigure2.11, whichplotsc v el i dkg where(y
= Ua = Gg for the symmetricsystem as shown her®r N = 128 monomersija = 0.25
andla= g = 0.5 kcal/mol. Whergi Jg= 0, then 6 is by defini
and B beads are energetically interchangeable; there is no differemeeehethem
except by | abel . Bec aujsidlthdintercepi is fixedahOe n  f i

because it must be so by definitiorhe slope of this fit is equal toz (the number of
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nearest neighbors) in Equati@r®, becausé)i Chgis equal tappwin the case where the A

block and B block are identicéiEquation 2.1Q)as is the case here

25 -
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S(a)

—Theory

10 1 = Simulation

0.1 0.2 0.3
q (1/A)

Figure 2.10. Representative fit o f Lieblerads
results.
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The slope of the fitsZ], for (a = 0.5 as a function of N are shownRigure2.12.
WhenN O 1 2i8 constant at 6. For loweM values, the shown fit is taken. Ax
dependence on 6 at short chain | e’ landhs is
verified experimentalff. The slope of the fitsz)(, forix<0.25andNO 128 are f ol
in Figure2.13. It was found that the volume fraction had no noticeable effect il
0.25.Figure2.13is only validforNO 128 bec ausantfotthedhargsin not a
as a function ofN at low N. Similar plots could be generated for lowdr but such
simulations would result in BCPs where one block is very small (< 6 beads per block)
which would likely have significant deviations from the randowoil approximation and
SO0 were not of great interest. Mde> 256 very long simulations times are required and no
such chains were used in this work, except in very high PDI cases where a small fraction
of the chains exceed 256 monomers in lengdh.Ndependence on 6 at
lengths is expected from mean field calculatfoamd verified experimentalf. isalso
expected to vary with volume fraction from mean field calculatfdri&gure 2.13 and
Figure2.12 givethezval ues required Ndia orégventet e 6
parameters inTable 2.2. Thesez values, combined with Equatioa9, allow us to

calculate thg-Qg value for any
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Figure2.12. Plot ofz values found fofa = 0.5 as a function dfl. ForN <
115, the shown fit is used. Above this valpes constant at 6.
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Figure2.13. Plot ofz values found as a function of volume fraction for
O 128.
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It would be p Qs §ktb 5@ usingthe fcarrectioss made by
Fredrickson and Helfant,but their corrections fail at low where all our simulations
operate and which is of interest in BCP lithograpinyaddition, even when N is large
enough, the corrections made by Fredrickemd Helfand will only affect values very
close to the ODT and so would not significantly affect the values showigume2.11
throughFigure2.13. It would extend figures lik&igure2.11 close to the ODT (for large

N), the linear fit would not change significantly.

2.4.Measuring ODT

If any quantitative parameter is used to identify the ODT, it must at least be
consistent with the qualitative visual observation of the ODT. Wiwle different
methods of observing the ODT liMbe discussed for a range of simulation conditions and
degrees of polymerization, it is informative to visually compare a single common set of
simulation results to each of the methodologiEgyure 2.14 shows images of a
simulation usingthe symmetric forcefieldor N = 32 as AB interaction strengtfig
changes from wealE{gure2.14a, (g = 0.2) to strongRigure2.14f, (g = 0.5). Since the
AB interaction strength is inversely proportional to the driving force to phase separate
(Equations29-211), t hi s series goes from | arge 6 t
undergo a visible transition from ordered to disordered betWgen0.36(Figure2.14c)
and (g = 0.37 (Figure 2.14d). It also qualitatively matches the expected trends with
interactionstrength above and below the ODT. At weaker interactions, it is enthalpically
more favorable for each phase to associate with itself rather than each other so the system

phase separates with relatively sharp interfaces. When the AB interaction is rstronge
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(Figure 2.14c), the system still phase separates, but the enthalpic penalty for unlike
interactions is less so the system has less sharp interfaces. At somaspthiat AB

interaction strengthens, the enthalpic penalty for unlike interactions is not strong enough

to overcome the entrap benefitof mixing, and the system mixe&igure 2.14d and
Figure2.14e). Since the two homopolymers used in this forcefield are ideif€igak

Ckg = 0.5, the system is fully mixed whelig = 0.5 Figure2.14f), whi ch is wher

as discussed in the previous chapter

Figure2.14. Bulk BCP structure after 100 ns simulation time for
mcreasmgAB( decr easler@2 @)= 0(3 dc)Us = 0.36, (d)
U\B—037 (GMB—04 (f)u\B— 0.5, G = 0.

In simulations of block copolymers, the structure fac®gqg) can be evaluated
from the Fourier transform of the radial pair distributiondiion via Equations2.5 or
2.7. The structure factor provides equivalent information to the pattern observed in a
smallangle scattering experiment such as smafile xray scattering (SAXS) and
smallangle neutron scattering (SANS). Sratigle scattering is commonly used to
evalude a number of properties of the system such as the BCP domain size based on the
position of the peak maximum*.2*?° The width of the peakan beused to provide a
qualitative observation of the OOFt**° However, this does not provide a sufficiently
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guantitative descriptor for observation of the ODT, especially for simulations. This is
beause the simulation size will have a strong effect on the width of the peak and errors
associated with a relatively small upper limit of the integral in Equ&iértan have a
strong effect on the peak width. It is also complicated by the requirementdsecao
peak shape (e.g. Gaussian, Lorentzian, etc.) with which to fit the width in a system where
the shape of the peak can potentially change whether the system is ordered dt mixed.
The intensity of the peali(q*) for scattering experimentnd S(g*) from the structure
factor, is a better descriptor in thatloes not have to be fit by an arbitrary function and
should be more sensitive to changes in stru¢fifeThus, the first descriptor that is
discussed as a method for determination of ODT will be the intensity of peak of the

structure factoB(g*).

The SAXS peak intensity has been previously used experimentally to determine
ODT temperature for different molecular weights of poly(oxyethylene)
poly(oxybutylene) diblock copolymefd$.Data from this study is shown Figure 2.15.
In the experimental study, the peak intensity was studied as a function of temperature. At
high temperatures the system is mixdtas the sampless coolede i ncr eases. T
intensty is a nearly constant at temperatures where the system is mixed, but rapidly
jumps to a much larger value at the ODT as the sample is cooled. Further cooling the
sample in the ordered state shows a sl ow
increases ldentification of the ODT temperature by the rapid jump in scattering intensity
was shown to give equivalent results to identification of the ODT temperature by

conventional rheological measurements. Teximumintensity of the structure factor
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S(g*) should therefore give equivalent accuracy for identification of the ODT with

changing interaction strength in simulation.
8000 1
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Figure2.15. Changes in the scattering peak height for

poly(oxyethylenepoly(oxybuylene) diblock copolymers. A sharp
increase in peak height is seen at the ODT. Data from Maf‘et al.

The structure factor for a BCP simulation with= 32 at different values djigis
shown inFigure 2.16; these results are directly extracted from $bees ofsimulations
shown inFigure 2.14. Figure 2.16a shows the full structure factor whifégure 2.16b
shows just the pedhkeightS(g*). The full structure factor shows the expected behavior.
The well separated structures at sntidlshow strong sharp peaks corresponding to the
domains of the BCP. As the interaction strength between A and B segments increases,
the peaks become weaker and broader as the interface between domains becomes more
diffuse. Peaks are still observed below tlisual ODT of (g = 0.37 Figure 2.14)

because of the correlation hole effeamd become very weak nearing the homogeneously
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mixed state. Considering the change in peaikhtin Figure2.16b, there is an obvious

jump inS(g*) as the system crosses the ODT and a slowly increasing peak intensity in the
ordered phase as the AB interaction decreases; both results are fully consistent with the
experimental resultshown in Figure 2.15What appars different from the experimental

result is that there is a reasonable increase in the peak intensity even in the disordered

phase athg > 0.37.

The increase in intensity in the disordered phase is fully consistent with Leibler
theory , and so should not be unexpected. The major difference between the experiment
and our simulation results is likely due to the small system size in our simulafiza
experimental scattering is the result of measurements over a volume that is likely microns
to millimeters in length, while our experiments are only run on simulations that are
nanometers in length. The radial pair distribution function can ongvakiated up to a
distance that is the smallest simulation box dimension divided by the square root of two.
As a result, the upper limit on the integral in Equaohused to calculate the structure
factor is limited to this samevalue. Since the integration is only over a few periods
(with one period being roughlft0-20 nm), the intensity of the scattering peak is
relatively small, while in the experiment tiperiodicity may persist for microns and is

included in the scattering spectra.
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Figure2.16. Changes in the structure factor for a BCP vt 32 for

different values of the AB interaction strendiks (a) the full structure
factor; (b) the peak intensity of the structure fa&r*).

To demonstrate the effect of system size on intensity of the measured scattering
spectra, the equivalent simulation as was run in two different simulation box sizes. The
previous results were obtained from a simulation with an initially built simulation box of
20 nm per side; additional simulations were run using boxes of 45 nm per side.
Increasing the simulation box size allows integration to higher valuBs.ein Equation
2.7 which should allow for a slightly better match to the experimental resHigure
2.17 shows a compéson for the peak intensity of the structure factor for the 20 nm and
45 nm boxes. As expected, the intensity of the peak in the ordered regime is much higher
for the bigger box size, aride ODT appears much more like a step change as seen in the
expermental results. Even bigger box sizes could potentially be run; however, there is

always the tradeoff between simulation run time and the required level of accuracy.
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Figure2.17. Effect of system size ro structure factor peak intensity,
closed symbols are for cubic simulation with 20 nm per dimension, open
symbols are for simulation with 45 nm per dimension.

While box size does create a difference in the magnitu@qi) as a function of
box size, the location of the ODT (the point of highest magnitude derivative), is identical
in each simulation. Iffigure2.17, this is found to bat Uhg = 0.36 in both simulations
using a three point central difference method to calculate derivatives. More accurate

calcul ations can Ipgespacimgund by wusing a finer

2.5.Comparison with Mean-Field Theory

In order to verify our model, we compareduks from our model with some well
accepted results from meéield calculations. The phase diagram described by mean
field is a weltknown result that has been used and accepted for dgéatfe compare
our results using the symmetric potentidblfle 2.2) with that of mean field irFigure

2.18. Because our model yields an elevated ODT because of the inclusion of fluctuation
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effects, the ODT afiy = 0.5 is scaled to match mean field resuliscellent agreement is

found betweetthe coarsegrained modetesult and the mean field result.
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Figure 2.18. Comparison of our simulation results with the mean field
phase diagram from Bates and Fredrickéon

Our model was also compared with mdihd data for concentration profiles as
done by Matsen and Batés Figure 2.19.*3 Boxes were created that were 3Hy 4*L,
by 4*L, for a degree of polymerization of 64 using the symmetric potential at vaxidus
values. The beads were then binned using 0.1 nm wide ihindhe dimension
perpendicular to the lamellae and number fraction (equivalent to volume fraction) was
calculated.As can be seen in Figure 2.2%)ete is very good agreement in the
composition profiles. The interfacial widftv) was also compared and isosvn inFigure
2.20. The SCFT results were calculated using a full SCFT treatment while the SST

(strong segregation theory) results are calculated by Equathand2.21.%3
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full SCFT calculation increases, and our model follows the SCFT calculation as expected.
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Figure 2.19. Comparison of average volume fraction throughirgle
domain for SCFT and our model. The results match well.
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Figure 2.20. Comparison of the interfacial widttwy as a functi on of
with SCFT andstrong segregation theory (SST) calculatibh§here is

good agreemerhroughout with SCFT, while SST agreesr t i | GN i s | ow,
at which the assumptioms SST fail.

The domain scaling from this simulatio
meanfield analysié* and with experimental PBMMA domains as extracted from
literaturé>®®. As seen inFigure22,t he domain scaling with &b
meanf i el d anal ysis over a ~ll@lragdeproablynbgyendof 6 N
Experimental P®-PMMA results also match our resul®ur results match these well
tested results in all three regimes; the weak, intermediate, and the strong regimes. Our
model matches well known and tested theories in three different ways; ODT location,

concentration profilenterfacial width and domain sizecaling.
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Figure 2.21. Comparison of pitabs from our symmetric BCP model,
Shul | &feld caleutation of pitct* and experimental measurements
of PSb-PMMA**®. Good agreement is found at low, medium, and high
G N.
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CHAPTER 3
IMPACT OF PERIODIC C ELL DIMENSIONS ON AL LOWABLE
LAMELLAR DOMAIN SIZE S: APPLICATION TO BL OCK

COPOLYMER MICRO -PHASE SEPARATION

It is common in computer simulations to use periodic boundaries conditions to
approximate bulk material behavior. A simple formula is derived that allows direct
calculation of all defect free lamellae pitches that are possible in given rectangular cell
dimensions. It is found that in some cases the allowed lamellae repeat distances are
resticted even when the cell edge dimensions are large relative to the lamellar repeat
distance. Using elongated periodic cells that have edge lengths with the least number of
common factors increases the density of allowable pitches. Using a-goairsed ECP
model, the impact of such boundary condition matching is verified in lamellae forming
block copolymer simulations. By taking into account the periodic cell edge dimension
restrictions using the methodology developed in this work, researchers cageantbfli
choose simulation dimensions that minimize the impact of periodic boundary conditions

on the most energetically favorable equilibrium states for lamellae forming systems.

3.1.Introduction

Computer simulations using a variety of modeling techniques,ingnigom
exquisitely detailed density functional theory (DFT) and atomistically detailed molecular
dynamics (MD) to continuum methods such as mean field techniques, have become

extremely useful tools for understanding and predicting the behavior andtepéra
65



wide variety of material systems. The recent Materials Genome Initiative (MGI) is
predicated on the fact that substantially faster cycle times in moving from basic materials
research to material applications can be achieved by tightly couplitegiah@imulation

and modeling with more traditional experimental materials science and engineering
methods. However, even with modern computational tools and computer capabilities,
memory limitations and the large calculation times required for detarmdagions still

limits our ability to perform large volume macroscopic simulations of materials using
atomistically detailed methods such as molecular dynamics. Therefore, it is extremely
common to perform many such A bdiclbéuddarymat er i
conditions in which a finite size simulation volume, commonly referred to as a periodic
cell, is effectively translated into an infinite volume such that the presence of interfaces
can be avoided and bulk material behavior can be approxinmatsedwell known that
simulation volume size effects can occur, and it is common in amorphous material
simulations to test for such effects by performing simulations at different simulation
volume sizes and checking for consistent resdltslowever, amorphous materials
represent only a fraction of the spectrum of useful engineering material systems. In
general, noramorphous systems pose more challenges in terms of their proper
representation in periodic cell simulation volumes. Unfortugatets attention has been
given to the special challenges encountered in suckammmphous systems due to the
variety of different material system configurations that are important. Furthermore, as a
result of initiatives like MGI, amazing advances inmguting power (e.g. the advent of
graphics processor unit or GHidsed computing), and improvements in and

commercialization of usdriendly molecular modeling software, molecular simulations
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are becoming ubiquitous in science and engineering. Such eaesssao these modeling
tools, their increased utility and more widpread use, and their adoption by scientists
and engineers who may not have extensive experience in molecular simulations provides
strong motivation for additional work on understandihg ttonditions under which
molecular simulations achieve the desired goal of accurate representation of material
thermophysical properties. This paper addresses this issue of understanding the
conditions under which molecular simulations using repeatingday conditions can
properly represent material systems that exhibit formation of layered lamellae such as in

the case of lamellafsrming block copolymers.

As mentioned earlier, special care must be taken in understanding the impact of
periodic boundarycondition simulations when the material system to be simulated
exhibits ordered or crystalline behavior, since boundary condition matching at the
repeating boundaries places limits on the number of possible configurations in a
particular set of simulatiowolume dimension3.One such application for molecular
simulations in which periodic material structures are important is in the study of the
micro-phase separation of block copolymers. Even relatively simple diblock copolymers
can exhibit rich phase belars and produce nanostructured materials that are impacting
a variety of fields in applications ranging from nanopatterning of integrated circuits to
active nanostructured materials for solar energy harvesting. While the individual polymer
chains in thes block copolymers maintain a high level of disorder and have characteristic
dimensions only on the order of 10 nanometers or less typically, the overaliphase
separated system can exhibit long range order in a variety of phase morphologies

including lamellar, cylindrical, and gyroidal forms with much larger characteristic
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dimensions These systems have been studied via mean field simulations since the
1 9 8 Dhiutsin recent years various Monte Carlo and molecular dynamics models using
periodic boundries are becoming more prevaféntWhen the simulation dimensions are

not significantly larger than the periodicity of the migroase separated morphology, it

is known that the pitch of repeating structures and morphology of such system can be
affected®®'* Because the effect is geometric in nature, other systems which form
periodic order, such as some crystalline polymrgill also have similar such
limitations. In the case of block copolymer simulations, some researchers have ignored
these finite simulation volume size effects, assuming that the restriction and effect on
material behavior is not large since multiple possible tateams of the periodic structure

in the simulation volume are perceived to allow a sufficient density of possible-micro
phase periodicitie3.Without actually knowing the degree to which possible lamellae
dimensions or other periodic spacings are constrained in small simulation volume sizes, it
is impossible to tell if a given simulation volume size will perturb the thermodynamics of
the systensignificantly and thereby introduce unnecessary errors of unknown magnitude
into the equilibrium states calculated from such simulations. Therefore, researchers have
also in some instances used advanced simulation dimension search algorithms based on
optimization techniques that allow a simulation volume size to change in order to
mitigate these finite size effecs!’ However, these methods do not handle all situations
effectively, particularly in the case where multiple minima or maxima are presem in th
objective function being optimized in such simulation dimension search algofthms.
Advanced simulation dimension search methods also come at the expenseaded

simulation time, with the time penalty being directly affected by the type of optimization
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method chosen and its convergence behavior. Finally, these search methods also are
inherently more complex than standard simulation methods and are netalben
available in commercial simulation tools. A third approach that could be employed is to
simply use a simulation volume with dimensions that are much larger than the repeat
distances expected in the simulation and assume that such volumes allcaefuradly

all possible periodic configurations. However, larger systems have the major drawback of
significantly increased computation time and memory usage, especially when the
periodic repeat distance is large compared to conventional molecular dynamics
simulation volume sizes. This problem of blind use of large simulation volumes is
particularly troublesome in block copolymer simulations where the periodicities of
interest in various micrphases are multiples of the characteristic macromolecular length
scale and can easily be on the order of 10 nm to 100 nm. There has, to our knowledge,
been no published method that allows easy determination of the impact of periodic cell

dimensions on the number of allowed lamellae states and their characteristisidimaen

In order to better understand this problem and provide a simple set of rules to
guide selection of optimal periodic cell dimensions for a given simulation, a method is
developed in this paper that allows for calculation of the possibledef@ttive repeat
distances for lamellar structures in periodic rectangular solid simulation volumes. This
method is demonstrated in the context of selecting simulation volume dimensions for a
lamellaeforming block copolymer simulation and it is shown that sushdfisize effects
can be important depending on the specifics of the simulation size and lamellar repeat
distance. Using the ability to calculate the allowable lamellae dimensions in a given

simulation volume, it is shown that finite volume effects camiiggated not only by an
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increase in total volume, but by intelligent choice of simulation volume dimensions. It is
shown that elongated simulation volumes are particularly useful in increasing the density
of allowable lamellae repeat dimensions. The nethpresented here allow one to
quickly and intelligently choose dimensions that do not significantly affect lamella
formation, do not have the large computation costs of very large simulations, and do not

have the complexity of advanced simulation dimemsiearch algorithms.

3.2.Calculation of Allowed Lamellar Domain Size

The challenge with simulating any material system that exhibits periodic ordering
when using periodic boundary conditions on the simulation volume, as is commonly done
in MD and Monte Carlanethods, is that not all repeat distances and dimensions for a
particular morphology can fit into a single periodic cell size without requiring formation
of a defect. This is due to the fact that use of repeating or periodic boundary conditions
on the simiation volume requires that the locations of material domains formed in the
volume match in location at opposing boundaries of the simulation volume since they are
effectively in physical contact. This symmetry constraint places energetic limitations on
the particular states that a material can take on in a given simulation volume size and
shape. In order to better understand these constraints, consideration is first given to
perhaps the simplest case, formation of a layered lamellae structure in a lectsoilgl
simulation volume for cases where the lamellae align parallel to one of the simulation

volume edge planes.

It is trivial to define the largest repeat distance that can fit into a 3D rectangular

solid simulation volume since it is simply equalth@ length of the longest edge of the
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volume. By dividing this single coordinate into an integer number of evenly spaced
lengths, smaller repeat distances can be accommodated, as BigemdB.1. Let us refer

to the number of divisions that a simulation volume edge is broken imoAatamellar
phase, if single crystal in nature, can only repeat in one dimension, so this division could
take place along any of th#aree simulation dimensions. If we do not consider any
possible tilting of lamellae with respect to edge planes of the simulation volume (which

will be considered later), then this results in EquaBidn

0 O 3.1

whereP is the pitch forn repeated lamellae in a simulation with a side lengtiof

wheren is a positive integer. A simulation may be divided along any side, not just its
longest side, s®, can have up to three different values for given set of dimensions.
Considering this fact alone, a simulation volume whose edge dimensions share fewer
factas is preferable to a volume whose edge dimensions are all identical (i.e. as in a
cubic simulation volume) or whose edge dimensions share common factors. This is
because each factor that is not shared between the edge dimension results in a new
possible fich for a lamellae forming system in the volume. For example, a simulation

t hat has al l three di mensions equal to 12
simulation that has dimensions of 13, 12, and 11 has possible pitches of 13, 12, 11, 6.5, 6,
5.5, 4. 3, 4, 3.7, 3.25, 3 é. The second s
has many more possible pitches than the first simulation above any chosen cutoff value

for the possible pitch, even though the simulation volume in the second cassall/act

smaller than the first case. However, not all possible pitches have yet been considered
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since we have only considered the possibility of lamellae forming parallel to one of the

simulation volume edge planes.

Figure 3.1 Schematic of the division of a simulation volume along the x
dimension into multiple lamellae, though a similar image could be made
for the division of a simulation along the y or z dimension. n corresponds
to the number ofivisions. The blue and red areas correspond to the
subdomains of the lamellae.

Periodic structures in a material system such as the lamellar phase of a block
copolymer do not necessarily need to orient parallel to the simulation volume edge
planes. In re#y, the system will equilibrate to the lowest free energy configuration
available to it (sed-igure 3.2). Thus, it is possible that in a lamellar system that the
lowest free energy configuration may require the lamellae to tilt with respect to

simulation volume edge axes (i.e. with respect to one or more of the simulation volume
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edge planes) to create the most favorable pitch configuration. In general, the lowest free
energy states will also still be ones that form continuous domains across the repeating
boundaries with the phantom neighboring simulation volumes when using periodic
repeating boundary conditions. Therefore, only pitches and tilts that create lamellar
configurations where the domain edges still line up at opposite edge planes of the
simulation volume will be effectively sampled in such simulations. Failure of the
lamellae domain edge locations to match position at opposite sides of the simulation
volume wil result in a defect at the boundary at that particular lamellae pitch in the
chosen simulation volume dimensions, as seen in diagrafigure3.2. In general tts

will be a high energy state for the system and will be represented at the incorrect free
energy for that pitch. The Atrue free enert
simulation without periodic boundaries, as a function of pitch for edieally ordered

material is also shown schematicallyfilgure3.2.” The tilt angles that do not produce a
continuous domain across the interface will be higher in free energy than those that do,
resulting in a series of local minima in the system free enesgy function of pitch (i.e.
corresponding to some specific tilt angle). Since molecular dynamics and other similar
simulations converge to a local free energy minimum, and these local free energy minima
occur when there are continuous domains acrossdhed boundary, only those tilts

that produce continuous domains will be sampled from such periodic simulations and are
thus considered dnall owedo states for the

presented in this paper.
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Not Local Minimum:
Disallowed Pitch

Local Minimum:
Allowed Pitch

= == [nfinite Simulation

Periodic Simulation
¢ Allowable Pitches

Free Energy

Pitch
Figure 3.2. Diagram demonstrating allowed (local minima in free energy)
and disallowed tilts (not local maxima in free energy). Some tilt angles
result in continuous domain at the boundaries (local minima) while others
produce dscontinuous domains. The tilt angles that produce a defect will
be significantly higher in energy than those without a defect. A simulation
will converge to a local minima, and these local minima occur when there

are continuous domains across the peridiondary, and so only those
tilts that produce continuous domains will be considered allowed.

The interfaces between repeating lamellae (highlighted in yellokigare 3.3)
will be referred to as lamellar interfaces, and their intersections with the simulation
volume edge boundaries as lamellar vertices (highlighted as yellow cirdtasune3.3).
In order for a tilt to produce a continuous domain across the boundary and therefore be
allowed several boundary matching conditions must be met: (1) the lamellar vertices
must be in the same position on opposite side of the simulation volume, (2ameatiar

interface must connect two lamellar vertices on opposite boundaries, and (3) the lamellar
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interfaces must all be parallel. This is demonstratdeigare3.3 in two dimensions fon

= 3, and inFigure 3.4 in 3 dimensions fon = 3. In Figure 3.3, the bottom and top
lamellar vertices have the sameposition, fulfilling condition 1. These vertices are
labeled O through 3 on both the bottom and the top. Each vertex on the bottom is
connected to a vertex on the top via one of a set ofll@ameterfaces which are parallel

to one another, fulfilling conditions 2 and 3.

Figure 3.3. Diagram demonstrating allowed tilts in one dimension. In
order to produce an allowed pitch: 1) The lamellar vertices (yellow dots)
must be at the same positions along both the top and bottom boundaries. 2)
The lamellar interfaces (yellow lines) must ceon two vertices on
opposites boundaries. 3) The interfaces must all be parallel. i corresponds
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to the difference between the indices of the vertexes connected by an
interface and can range from 0O to b. A

Figure3.4. Diagram demonstrating allowed tilts in two dimensionsnfer

3 andi = 1. Tilts in the second dimension are independent of tilts in the

first dimension. The same requirements exist for this tilt as the firs
dimensional tilt in order to assume defect free and continuous lanjellae.
corresponds to the differences between the indices of the vertexes
connected by an interface between the front and back (z = 0 to,zcf D

the simulation volume and canrangefn 0O t o HBresullsinlaar ger
smaller pitch.
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Figure3.3 shows an example of some possible lamellae configurations for a case
where the lamellae are rotated wittspect to a single axis, i.e. th@xis in this case.
Every possible tilt for rotations around a single axis can be described using aniinteger
wherei corresponds to the difference between the indices of the vertices connected by a
lamellar interface along an opposite set of simulation volume edges defining a plane
normal to the axis of rotation, i.e. theyxplane inFigure3.3. The choice of which edge
of the plane normal to the axis of rotation is thought of as being divided by the lamellar
interfaces is an arbitrary choice. In the cas€igtire3.3, the edges parallel to theaxis
are chosen. Later, it will be shown that this choice is of no consequeréguhe 3.3,
wheni is 0, then the Dvertex on the bottom front edge of the periodic cell is connected
to the (" vertex on the top front edge, and whida 1, then the Dvertex on the bottom
front edge is connected to th& dertex on the top front edge, and th&\ertex on the
bottom front edge is connected to tH8\&rtex on the top front edge and so on. A larger
i corresponds to greater degree of tilt. There is no limistoce there is no prohibition to
a vertex beingconnected to a vertex many periods away since all boundary matching
conditions are still met. However, a largeresults in a smaller pitch, so there is some
practical limit toi above which the pitch is much smaller than the lamellar repeat distance
of interest. If the tilt was in the opposite direction and vertices on the bottom were
connected to vertices with lower indexes, thevould be a negative number. However,
these tilts only produce mirror images of their positive counterparts and so do not add any
new allowable pitches.
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Thus far, only a rotation around one axis has been considered. In a three
dimensional system, it isbwious that rotation around all three axes is possible, but only
rotation around two axes (i.e. the ones along which the simulation volume was not
originally divided) will create unique states with different lamellar pitches, as shown in
Figure 3.4. The system irFigure 3.4 is rotated around both theaxis (similar to the
systemin Figure 3.3) and the yaxis. The tilt with respect to the second axis of rotation
must follow the same boundary matching conditions as the tilt with respect tgle sin
axis of rotation as discussed earlier. The degree of tilt along a second axis can be
described by an integgrwherej corresponds to the difference between the indices of the
vertices connected by a lamellar interface along an opposite set of gmuwatume
edges defining a plane normal to the second axis of rotation, i.e. a plane paralletzo the x
plane inFigure3.4. Because the interfaces must line up seriie periodic boundary, all
the possible tilts are accounted for by allowiragndj to be equal to any two integers that
are zero or greater. Because every tilt has been considered, as well as every division
along every axis, all the possible orientaicand therefore all the possible pitches in a
rectangular periodic simulation for defect free lamellae can be described by the

parameters, i, j, and the three simulation volume edge dimensions.

The pitch for every combination of, i, andj can be calculated by defining two
adjacent lamellae interfaces as planes and then calculating the distance between those
planes. Three points are required to define a plane, so givenj, and the three

simulation volume edge dimensions it is possitdecalculate three points on any
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interface. First, the intersection of an arbitrary lamellae interface with the bottom front
edge of the simulation volume is defined as the origin ksg@re3.4), yielding one point

(P1) on afirst lamellae interface plane equal

0 Tthrth 32

The intersection of this lamellar interface with the top front edge of the simulation

volume (i.ey=Dy, z=0) can be described by the point

O . .
0 (Ds—ho bt 3.3
Finally, the intersection of this lamellar interface with the rear top edge of the

simulation volume (i.e. at=Dy, z= D, ) is:

- O
QC)E—hO hO 34

C
Q

P, P, andP; define a lamellar interface plane. Since a vector between any two points in

a plane gives a vector in that plane, we can easily define two vectors in that lamellar
interface plane by taking the vector frof to P, «P and the vector fronP; to

Ps P .

@ D= O & T 35

79



e
® QWO-® O O v 36

The cross product of these two vectors yields a vector normal to the lamellae interface

plane.

® 006w 0O0-® 0O 37

m-

The equation for a plane is:

~ ~

Go O HaQ T 38

wherea, b, candd are numerical coefficients. It is also the case thab, and c in
Equation3.8 define the vector normal to the plane, so by combining EquaBdnand
3.8 values fora, b,andc can be found in terms of parameters describing the simulation

volume.

hO 'O 3.9

NP . Q
wholw OO0 hO'O z

Q
€
In Equation3.8, d accounts for the offset distance between parallel planes. Since all the
lamellar interfacial planes are paralla),b,andc are identical for every plane. Since the
first interfacial lanellar plane goes through [0,0,@}, (d for the first interfacial lamellar
plane) is solved for as 0. The adjacent lamellar interface must go through the point

'O T¢ hrit and so:
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Q 00O0j¢ 310

The distance between two parallel planes (P) where the first plane passes through the

origin is:

- Q
U — 311
Mo w

Substituting from EquatioB.9 and3.10vyields:

- 000j¢

v § 312
00 00 Jg 00 O

Multiplying Equation3.12 by n/n yields:
- 000
0
, 313

€300 (¢)ON0) TO 0O

In the derivation of EquatioB.13, thex dimension was handled differently than
they andz dimensions. In th& dimension,n referred to number of lamellae into which
the simulation was divided along that axis (that is, the number of lamellae that cross the
x-axis), while in they and z dimensionsi and | referred to the degree of tilt. This
difference causedh to be restricted to positive integers whileand j were equal to

positive integers or zero. Because théimension is treated differently, we must re
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derive EquatiorB.13 for the case when the lamellae first divide alongytiagis and then
rotate in thex andz dimension, and for the case when the lamellae first divide-#xés
and then rotate in the andy dimensions. This amounts to simply switchidgand D,

with Dy in Equation3.13, resulting in Equatio.14 and3.15.

) 000

v - 3.14
£ 00 ‘@0 O IO O

i 000

v - 315
£ 000 PO O (93630

Equatiors 3.13 71 3.15 can be used to calculate all the possible pitches in a box.
However, when the math is examined more closely, it becomes clear that a single

equation is all that is necessary.

Equation3.14 is the same as Equati®i3, except that andn are switched. For
every valueof n, i, andj wheni is not zero, they will yield the exact same possible
pitches. When is zero, then andn cannot be switched because this results being
equal to zero. The same is true when we consider Eqaaib8 and 3.15. The only
difference is thah andj are switched. So, just like EquatiBri3 and3.14, all pitches are
calculated in both equations except wihés zero because switetg n andj results inn
being equal to zero, which is impossible. The only pitches that Eqa&ibhand 3.15
calculate that are not included in Equati®t3 are those that are excluded becanse

cannot be zerdf we allow n to be zero in EquatioB.13, then Equatior8.14 and3.15
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become redundant, thus simplifying the calculation. This can be understood when it is
recognized that whilé andj were defined as the difference between the indices of the
vertexes connected by an interface, the valueaoflj also correspond to the number of
lamellae that cross theandz axes respectively, though this may not at first be obvious.
This is howeverapparent in botlrigure 3.3 and Figure 3.4. A value of zero foi or j
meanghat the lamellae are parallel to that dimensioni Asdj increase, the number of
lamellae that cross theand z axes respectively must increase as well. Whenone,
then one lamellae (and one lamellar interface) will crossythgis in the simulton
volume. In the case dfigure3.3c, the interface that connects vertex 1 at the top (y)= D
of the simulation to vertex O at the bottom of the simulation Qy s the only interface
thatcrosses the-gxis. InFigure3.3d, both the interfaces that start from vertices 1 and 2
on the top (y = ) cross the y axis since. Sgithey must go two vertices over, two
interfaces must cross theaxis. The same follows for theaxis asj increases and for

higher values off and;.

This means that = 0 in Equatior3.13 gives a valid pitch, because all this means
is that the lamellae align parallel to thexis and never cross it. In fact, it would perhaps
be more proper to define three parametgrs,, andn, instead ofn, i, andj whereny, ny,
and n; are all integers greater than or equal to zero and are defined as the number of
divisions the lamellae make along the corresponding axis. This leads to a new equation,

Equation3.16:
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. 000

¢ 00 ¢ 00 ¢ DO 16
wheren,, ny, andn; are all integers greater than or equal to zero. This will yield the same
pitches that EquatioB.13, 3.14, and3.15 did, except that it is not required to switbh
and D, with Dy. All the extra pitches that would be calculated by switcliygnd D,
with Dy are accounted for because anyngfny, and n, may be zero. Of course, they
cannot all be zero as that yields an infinite pitch and also assumes that the lamellae are

parallel to all three axes at once, which is impossible.

Thoughn, ny, andn; are not bounded and can in principle go to infinity, they are
practically limited since the resulting pitch calculated for a setof,, and n, values
becomes very small (relative to the simulation dimensions) quicklgy.as,, and n,
increase In practice, it is of no value to calculate possible pitches that are smaller than
the smallest characteristic dimension of the material being simulated. It is also important
to remember however that Equati®i6 calculates the allowed pitches that are possible
for defect free lamellae. Any lamellae forming material system in which the energy to
form a defect (e.g. dislocation, etc.) is on the order of the therreadjyeim the system
may form a defect, which would also then allow for additional allowed pitches in a
particular set of simulation volume dimensions beyond what Equéaib® would
indicate. This is not a concern however, since if defects are possible in a system they only

increase the number of allowed states for a given simulation volume.
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3.3.Block Copolymer Simulations

As mentioned earlier, molecular dynamsisiulations of block copolymers is one
application where use of a periodic cell and periodic boundary conditions could impact
the simulated equilibrium material structure. In the case of lamellae forming block
copolymer simulations as presented here, dbecern is that choice of periodic cell
dimensions could affect the equilibrium lamellae pitch. To probe this effect and
demonstrate its importance in such systems, molecular dynamics simulations were
performed in which micrgphase separation of an inljamixed diblock copolymer was
studied using a coarggained diblock copolymer model. These simulations were
performed for polymers of constant degree of polymerizatirb(t for varying polymer
G values (i.e. the FlorHuggins interaction parameterThe choice to study micfphase
separation as a function of polymewvalue was made since it is expected from theory
that the equilibrium lamellae pitch for a diblock copolymer is a function of the copolymer
6 andN values. According to previous thetical treatments by Shdfl and Bates and
coworkers: the lamellar pitch of lamellafrming diblock copolymers will vary as”®
in the strong segregation limit (i.e. N> 40). As the block copolymes Nvalue is
decreased, the dependence on both the molgrandN values increases, with the pitch
scaling with €°° at ¢ Nvalues approaching the oregisorder transition (ODT).
Therefore, by simulating diblock copolymers with varymgalues, that change in small
steps, it should be possible to producdymer systems with that exhibit small and
predictable changes in natural lamellae pitch. The pitches of these polymers should form
a smooth curve as a function®fN® unless artifacts are introduced by factors such as the

periodic cell dimensions and their impact on allowed pitches. Simulations of these
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lamellae forming polymers in specific periodic cell sizes that restrict the allowable
pitches should verifghe above calculations and highlight the limitations of certain box
size.These calculations, while applied to lamellae forming BCPs here, should apply to
any lamellae forming system simulated in a periodic unit cell because the assumptions

made arggeometric in nature and not based on anything specific to BCPs.

The coarse grained model used has been described elséifértayt will be
briefly described @re. Polymers are coargeained by modeling groups of 4 monomers
(corresponding to a statistical segment length) as individual beads connected by harmonic
bond potentials. Every group of three sequential bonded beads has a harmonic angle
potential appliedo prevent collapse due to nrbonded interactions. Every bead pair that
does not participate in a bond potential or angle potential experiences-tmmied

potential similar to a Lennatdbnes (LJ) potential as givenkquation3.17:

0 - = ¢ = 317

The parametet; controls the average spacing between-covalently attached
beads and therefore has a major effect on controlling density. The parﬁmermrols
the strength of the necovalent interactions and therefore has a major effect on
controlling cohesive reergy density CED). Since molecular dynamics simulations are
off-lattice and each parameter can be modified somewhat independently, the density and
CED for a homopolymer can be set to almost any desired value to represent a real
polymer? The segment ah angle terms can be fit by running rigorous atomistic
simulations to determine the equivalent coaysened equivalent distributions of
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segment lengths and angles. In this case, the parameters for both A and B blocks are set
to roughly reproduce the dsity and segment distribution of polystyreti, and (g are

set to 0.5 kcal/mol, whiléiaxa andUgg are set to 1.26 nanometers. The equilibrium bond
length used for both A and B polymers was 0.82 nm, with a harmonic strength of 100
kcal/molxnnf. The equibrium angle used for both A and B polymers was 2.094 radians
(120 degrees) with a harmonic strength of 5 kcal/molxrédd@imulations were run at

500 K, a realistic thermal anneal temperature for EESP systems. A further discussion

of these parametersan be found elsewhe?é® The FloryHugginsG parameter is set
using the (g parameter, which determines the strength of-mamded interactions
between unlike polymer beads. When thd3 Anteraction strength is low relative to the
A-A and BB interactions (i.elAg is much smaller thalhx and (sg), G is higher because

the more &vorable AA and BB interactions tend to minimize mixing. WhenBA
interaction strength is comparable to thé\Aand BB interactionsgis low because there

is little energy penalty for forming # interactions at the cost of-A and BB
interactions. Thus for our system, the strength of the Hbiyggins interaction
paramete s related to the magnitude of the difference betwggand the values dfia

and (g. Details of how this relation is calculated can be found elsevaretén Chapter

2 of this work?®

All simulations were run using the HOOMBIue software packag&”
and visualized in VMBP. Because of the natural parallelizability of molecular dynamics
(MD) simulations as well as the parallel architecture inherent in graphics processing units
(GPUSs), this software package allows a GPU enabled computer to run MD simulations up

to 200 times faster than a standard desktop computer. Simulations were run in fully
87



periodic, 3D, rectangular unit cells under NVT conditions at the average density of the
homopolymers. The simulations were initialized by placing chains randomly at the
equilibrium angle and bond length uniformly in the simulation volume. Two
minimization steps were used. The first minimization step slowly moves apart beads that
were randomy placed too close together, and thus have a very strong repulsive
interaction. Thalaa, Usg, andliap values were initialized at a very small value and then a
brief minimization was run using the Fast Inertial Relaxation Engine (FIRE)
minimization algoritim in HOOMD. Thell values were then increased in small steps and

a short minimization run, until the desired value(ag (1.26 nm in this case) was
reached. Any beads that were too close together are thus gently moved apart as the
interaction distance b&ten them increases. Once this step is complete, a second, longer

minimization is run. All simulations then were run for 100 ns at 500 K.

3.4.Results and Discussion

Previous simulations in large box sizes revealed that the polymer model described
above yielded pitches between approximately 10 nm and 14 nenNgalues from 25 to
65. To demonstrate the accuracy and utility of Equai@6, and to investigate the effect
that different periodic cell dimensions can have on the equilibrium pitch calculated for
lamellae forming diblock copolymers, two simulation sizes were chosen:b& cu
simulation with 18 nm sides, and a more elongated simulation with dimension of 36.6
nm, 13.3 nm, and 12 nm. These dimensions result in simulations of essentially the same
volume, but with very different allowable pitches. Using EquaBd® above, it is found

that in the range of 10 to 14 nm, the allowable pitches of the 18 nm cube are 10.4 nm and
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12.7 nm, while the elongated simulation has allowable pitches @9, 10.7 nm, 11.4

nm, 12 nm, 12.2 nm, 12.5 nm, and 13.3 nm as showialhe3.1. Allowable pitches for

three different simulation sizes between 10 and 14. Arhe elongated simulation
volumes will allow more polymers to get closer to their natural pitch because of the better
sampling of states in the relevant regidable3.1. Allowable pitches for three different
simulation sizes between 10 and 14 aisoincludes allowable pitches for a 36 nm cube
which is eight times larger by volume than the other two simulations. Even though the
volume of the 36 nm cube is 8 times larger than the other two simulations, and it has
approximately three times the numberpafssible pitches in the relevant region -

nm) than the smaller cubic periodic cell, it still has fewer allowable pitches than the much

smaller volume elongated periodic cell simulation.

Table3.1. Allowable pitches for three different simulation sizes between 10 and 14
nm.

18 nm Cubé 10.4 12.7
36 nm Cubé 10.4 10.9 11.4 12.0 12.7

Elongated |, 100 107 114 120 122 125 133

“Units shown in nm:36.6 nm by 13.3 nm by 12 nm.

Domain sizes of the simulation results were calculated from these simulations by
calculating the structure factor from the radial pair distribution function. The results for
the 18 nm cube are shownhkigure3.5, and the results for the elongated simulation (36.6
nm x 13.3 nm x 12 nm) are shown kigure 3.6. Simulations that cdain defects are

neglected as the math above assumes a defect free configuration. The dotted red lines are
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the allowable pitches as calculated above. The green line is the pitch of a lamellae

forming BCP witha (the statistical length of a polymer repeaitjiequal to 0.761 nm.

14

Pitch (nm)
o &

[a—
[S—
L

10

Figure 3.5. Resulting pitches for the 18 nm cube (volume = 5832 nm3)

simulation. The only two pitches measured (blue diamonds) are the two

pitches calculated inTable 3.1 (red dotted lines). The green line

corresponds to the calculation of natural pitches for a BCP with a = 0.761

nNm using Shull s t hezerause$ thé8resultihdii s si mu
pitches to deviate from this theory and adopt only the discrete allowed

pitches.
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Figure 3.6. Resulting pitches from the 36.6 nm by 13.3 nm by 12 nm
simulation volume (volume = 584im°®) which has a very similar volume

as the used in generatirkigure 3.5. Again the measured pitches (blue
diamonds) align well with the allowed pitches frdrable 3.1. Allowable
pitches for three different simulation sizes between 10 and 1&mman

as red dotted lines). However, the existence of many more allowable
pitches from this rectangular simulation volume produces a curve that

better matches, as compared to the result showfigare 3.5, Shull 6s
theory (green line) which describes the relationship between block
copol ymer | amell ae pitch and pol ymer 6N

As can be seen iRigure 3.5 andFigure 3.6, the polymers only form defeftee
lamellae at pitches that are allowed by the given simulation size. Because the elongated
simulaion has more allowable pitches than the 18 nm cube, the measured pitches form a
more continuous line, which is more consistent with real BCP behavior. There is some
noise in the measured pitch primarily due to a finite integration length in the structure
factor calculation, but the measured pitches still clearly line up with expected pitches in
every case. lfrigure 3.6, the simulation at MNf 50 unexpectedly formed a smaller pitch

than the simulation at Nof 45. It is likely that the simulation result atcaNof 50 is
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actually a metastable state that may anneal out given a longer run time. Because the
allowable pitches are not continuoasid changing pitch requires a rotation of the entire
simulation, or requires large amounts of beads to move through regions of opposite type
beads, the energy penalty to transition from one pitch to another is likely very high. This

may stabilize metastabbtates.

Though intelligently picking a neoubic simulation will often yield a higher
density of allowable pitches in the relevant region, care needs to be taken to avoid
unrealistic simulation dimensions. A simulation of dimensions 200 nm by 12 nnd8y 2
nm has 17 allowable pitches in the range of 10 nm to 14 nm, but a dimension as small as
2.43 nm is likely to cause problems with chains interacting with other images of

themselves or approaching the Ammded potential cedff distance.

3.5.Conclusions

A simple formula was derived to allow calculation of the defect free pitches
allowed in a rectangular solid simulation volume implemented in repeating boundary
conditions for a lamellae forming system simply based on the three edge dimensions of
the solid. It was found that elongated simulation volumes generally allow a higher
density of possible pitches than much larger cubic periodic simulations, and that edge
dimensions that share the least number of common factors are more advantageous. Large
cubic simulations still showed significant restrictions on the number of allowed lamellae
pitches, even at pitches that were on the order of 1/3 of a simulation volume edge length
or less. To demonstrate the utility of the formula, block copolymer rplcase

sepaation simulations for a lamellae forming block copolymer system were conducted
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using a coarsgrained molecular dynamics block copolymer model in conjunction with
simulation volumes of roughly equivalent volume but different edge dimensions. It was
cleaty shown in these simulations that intelligently chosen simulation volume edge
dimensions can greatly increase the number of allowed pitches observed. This higher
density of allowed pitches can be very important in determining behavior in which the

pitch of a lamellae forming system is expected to vary as a function of some independent
variable, such as the case of block copolymer lamellae pitch variationciNitralue.

Choice of simulation volume dimensions using the methodology described in this work

cm al so be very advantageous in setting up
for a lamellae forming system for which the pitch is unknown since dimensions can be

chosen that provide a high density of possible allowed pitches.
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CHAPTER 4
EFFECT OF GUIDING LA YER PROPERTIES ON LINE

ROUGHNESS

Detailed molecular dynamics simulations have been performed to explore the
effect of guiding layer properties and errors on resulting directeehssdimbly (DSA)
patternproperties produced in block copolymer (BCP) thin films. Guiding patterns that
are norcommensurate to the natural BCP pitch are considered, as are guiding lines that
have correlated or antiorrelated line edge deviations. The process window is detailed
for noncommensurate line widths. Guiding lines with various correlated and anti
correlated roughnesses show that wunder the
guiding roughness is required to have any effect on the BCP film, and most of the
guiding roughness is damped out within 5 nm of the bottom surface of the BCP film.
Also, pitch sukdivision patterns (where the BCP natural periodicity is some integer
multiple smaller than the guiding pattern periodicity) damp out guiding line roughness
more easily than pitch replicating patterns where a guiding pattern exists for each line

formed in the BCP film.

4.1.Introduction

In the field of semiconductor manufacturing, directed-aefembly (DSA) using
block copolymers (BCP) is a promising technique foessatng lithographic patterning
capabilities beyond the limits of current optical lithography tools. BGRA utilizes the

natural micrephase separation properties of BCPs combined with a guiding pattern to
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create the longange order required for electiondevices fabrication and the pattern
registration required to assemble multiple levels on top of one another. It is enthalpically
favorable for each polymer block in the BCP to interact with like blocks, but because
each polymer block is bonded to arike block, the domains and patterns formed due to
the micrephase separation of the polymer blocks are of limited'sixepending on the
relative volume fraction of the two polymer blocks in the copolymer, a variety of
interesting morphologies includingylindrical, gyroidal, and lamellar phases can be
formed. Without outside guidance, BCPs that contain approximately 50% of each of the
two polymer block types will form lamellae. When the substrate surface is sufficiently
neutral in its interaction witboth of the polymer block types and the BCP film is coated

at a thickness that is not commensurate with its natural periodicity, a somewhat
di sordered Afingerprinto pattern wil!/l forr
normal to the substrate suwr&a In contrast, when a topographically or chemically
patterned substrate surface is used specific long or short range order can be'ifduced.
Using 193 nm (or future EUV) lithographic patterning technology, a guiding pattern can
be made which then can be diilided in terms of its dimensions using a subsequent
BCP-DSA process. Such a process effectively shrinks the smallest dimension and
smdlest repeat distance in the pattern. There are two main ways in which BCP are
guided: topographically (referred to as graphoepitaxy) where confinement between two
walls or in some other shape guides the BCP structure, and chemically (referred to as
chemogitaxy) where ideally flat underlayers that are chemically patterned guide the
BCP assembly. In chemoepitaxy, a common strategy is to form a line that is the width of

a single polymer block domain that interacts preferentially with one of the two polymer
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block types which is interlaced with a much wider neutral fin@he strongly interacting
line in the chemoepitaxi al hegatterdto whgch theayer ,
BCP aligns. That alignment is then propagated over the width of the neutral stripe by the
natural lamellae structure in the BCP. However, such guiding patterns will not in general
be perfect, and it is critical to know how the B@Rcts to nondeal guiding lines. Line

edge roughness (LER) and Line Width Roughness (LWR) are two important factors to be
considered in semiconductor patterns because both negatively affect transistor
performance, causing variations in transistor spemdrent leakage and threshold
voltage®® Subsequently, LER and LWR in the BCP and the guiding pattern are
important because the roughnesses in the BCP lines will be transferred to some degree
via etch into the final components of the transistors. gidally, both the intrinsic
roughness of the BCP and the underlayer LER/LWR in the original guiding paft&rn

20 would be expected to affect the final BCP LER/LWR roughness. While underlayer
roughness is important, pitch commensuration is also important. When the guiding
pattern pitch and BCP natural pitch does not match, then strange morphologies can occur,
and itmay be possible that even if the correct morphology occurs, that it may roughen
undesirably?' As seen irFigure4.1, LER is the deviation from a straight line edgad

LWR is the deviation from a uniform line width. Figure 4.1(a), though the image
demonstrates a high LER, it actually has an LWR of O Figure 4.1(b) shows a high

LER and LWR. This paper considers both correlated roughness (i.e. a sinusoidal guiding
stripe) and artcorrelated roughness (i.e. a peristaltic guiding stripgjtch replication

and pitch suldivision patterns and the effects of these guiding patterns on the resulting

BCP pattern properties. Details of the particular model used here can be found in the
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modeling section, but in short, a coarse grained molecyiaandics model is used to

study these effects.

a) b)

Figure 4.1. Tog down schematic of (a) LER and (b) LWR. LER is the
deviation from a straight line edge, and LWR is the deviation from a
uniform line width.

4.2.Modeling

4.2.1.Coarse Grained Model

This work has used a coarse grained molecular dynamics model as described
elsewheré®?* In brief, the polymers are modeled bgpresenting four monomers
(corresponding to a statistical segment length) as a single bead. Four monomers were
chosen because that corresponds approximately to a statistical segment length for
polystyrene and polpiethyl methacrylate), two types of polyrs commonly used in
BCP-DSA. Grouping a different number of monomers into one bead would approximate
a different statistical segment length, and change the flexibility of the chain. These beads
experience three different potentials, a fommded potentia{similar to a Lennardones

potential, but made softer and broader by using-dnp8tential function), a harmonic
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bond potential (corresponding to stretching or compressing the BCP), and a harmonic
angle potential (corresponding to bending the BCP). nidrebonded potential uses the

form:

Ao ) B S c ~4g
E() =ean§ - 25180 41
&' ¢y

whegreeflers to the strength of thegreferatber act i
the end of the repulsive shell (that is, the point at which the potential intersects 0), and r
refers to the distance between the two interacting particles. This potential is attractive
when beads are close enough together, and repulsive wdeartéhtoo close. All beads

undergo this potential as long as they do not also participate in a bond or angle potential.
Two bead types were used, referred to here as type A and type B, representing two
different arbitrary monomer types. The potential tumt parameters for these two bead

types were set to reproduce polymer properties similar to typical BCP polymers such as
pol ystyrene and poly(methyl met hacryl at e) ,
Huggins parameter used as a measure of driving forcaicro-phase separatidnthat

can easily be changed by modifying the potential function parameters. The details of the
block copolymer model and the methased to relate the potential function parameters to

a G Val ué Chapter 2 The samalpotential values that were used elsefvhere

were used here. For the bond potential, the spring constayt ked was 100
kcal/(mol*nnf) and the equilibriumength used was 0.82 nm. For angle potential, the

spring constant kg used was 5 kcal/(mol*nfj and the equilibrium angle used was

120°. Forthenobonded pmaedgiwvBalk, bOth set mwas0O. 5 kec
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set at 0.3 kc alli, meH n dg)AWete sefl at .26 Inm.eAsdegree of

polymerization of 120 was used, resulting

All simulations were performed in a thin film state. The x and y dimensions were
set as periodic while the z direction was set to be effectivelypeadodic by setting the
periodic distance very large compared to the thickness of the polymer film. sTtis
direction is periodic every ~80 nm, but the simulation only takes place within a ~20 nm
region in the z dimension. So, there is no interaction across the z boundary. The patterned
thin film simulations contained two parts: the underlayer and tG# Bilm. The
underlayer was built using the same beads that constitute the film. The underlayer was
built to model a brush with the bottemost bead of the chain, i.e. the one in contact with
the hypothetical substrate, fixed in space. This boundaryitmnaorresponds to the
brush polymer chains being tethered to a substrate such as silicon. The tethered bead
chains were placed on a square lattice 15 A apart in the x and y directions. If the beads
were placed much closer than this distance, themtedace between the underlayer and
the BCP film was judged as unrealistic since a large density discontinuity existed at the
interface with large density oscillations occurring in the BCP film near the interface and
no apparent interpenetration of th€B into the underlayer. If the lattice spacing was set
much larger than this 15 A distance, then the BCP chains quickly penetrated completely
through the underlayer no matter how long the chains composing the underlayer were
made. In a real system, a bnuis tethered to a hard surface (like a Si substrate) which
prevents this. A plot demonstrating these issues is showkigure 4.2 and related
pictures from instancesf the simulations are shown Figure4.3. The length of the

underlayer chains used for the simulation results reported here was six beads. Fewer than
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six beads pechain again resulted in density waves in the BCP film near the film
interface because the fixed underlayer beads at the substrate surface were not sufficiently
shielded from the film. The fixed nature of these beads changes the packing structure of
the film beads if not sufficiently shielded by a length of brush. Another layer of fixed
beads was placed below the brush to act as a hard surface and prevent inversion of the
brush. The patterning of these underlayers was done by setting the beads in the
uncerlayer chains as either A or B as a function of position. These simulations were 4
BCP pattern pitches wide and at least 120 nm long, because it was found that at least 100
nm was required to get accurate roughness measuremettipes of A or B beads (the

same beads that make up the BCP film) are used in the underlayer to guide the BCP and
are set to the desired type and degree of roughness using sine wave boundary functions
when setting the compositional patterns in the uagerl The BCP film was built
initially mixed; chains were placed at the correct bond length and angle randomly
through the simulation box through the desired thickness. The underlayer was then placed
underneath this film. All initial chain building was m® in Molecular Operating
Environment® (MOE) followed by an energy minimization step in MOE. Subsequently,
molecular dynamics was performed on these simulation volumes using HOOMD

Blue?"?®

4.2.2.Measurement of line edge roughness (LER) and line width roughness

(LWR)

Line edge roughness and line width roughness were measured through the

thickness of the film. The beads of one type, e.g. A beads, were binned based on their
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positions. A 1 nm square lattice was used for x and y (i.e. a surface lying in the same
plane as the thin film), to make a map of the number density of beads. A 1 nm lattice
spacing was chosen to be comparable to a high resolution SEM image and to get good
sampling. In the z direction (through the thickness of the film) a 3.5 nm binning depth
was used. This allowed the LER to be measured as a function of depth. The bead density
histograms were then used to define line edges by choosing a particular bead density as a
cutoff. This threshold cutoff in bead density was selected as to minimizeugkeness

and match the line edge as inspected visually. A threshold cutoff of approximately 35%
of the highest bead number density was deemed optimal in most cases. LER and LWR
were then measured from the determined line edges and averaged ovemid thgone

after equilibration for ~4 lines per point in time, ultimately yielding roughness values that

were averaged over ~40 lines.
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Figure 4.2. Density as a function of depth through the simulation.
Different spacing of the tethered points in the underlayer give different
density profiles. When the spacing is too low, density waves propagate
from the interface before leveling off to bulk density.

102



< BCP
Film

< Brush
<“Wafer”

A%

X 95 nm

Figure4.3. Images of simulation with various underlayer chain spacings.
The film is colored blue and the underlayer brush (aitificial wafer) is
colored red. The film is a homopolymer film. a) 25 A spacings result in a
very low density underlayer and peragion of the film beyond the bottom

of the underlayer. b) 15 A spacings result in some penetration, but it does
not penetrate through the entire brush. ¢) 10 A spacings result in a poor
interface and no interpenetration. For this work, and intermediatnsp

of 15 A was used.
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Figure4.4. Depiction of pinned and unpinned lines. Lines appearing above
guiding stripes are considered pinned, while lines over neutral stripes are
considered unpinned.

4.3.Results andDiscussion

4.3.1.Effect of Guiding Pattern Pitch Mismatch

The effect of a mismatch between the guiding pattern pitch and natural pitch of
the BCP was considered for both pitch replicating and pitch halving simulations. Line
roughness was measured as the ungerlguiding pattern pitch was changed. Both
pinned and unpinned lines (as definedrigure4.4) were also compared in terms of line
edge roughness. All simulationsere four pitches wide and 8 pitches long. These
dimensions gave sufficient lengths for measured roughness values to be independent of
length? As seen irFigure4.5, there is a ~2 nm window for the guiding pattern pitch on
either side of the natural pitch of the BCP where roughness in the BCP pattern is
unaffected. For guiding pattern pitches that deviate by a magnitude larger than this, the
lines do not follow theguiding pitch and instead buckle as seelfigure 4.6, which is
consistent with predictions from mean field models such as the L-€blerKawaski
model®® When theguiding pitch was set below 18nm, there appeared to be a drop in

roughness, but this is likely a simulation artifact. Because the BCP lamellae were built
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aligned to the guiding stripes, they become trapped and are not able to realign to their
desired pith easily. It would likely take some time for larger scale rearrangement to
occur. Figure4.5 also shows that there is little difference between pinned and unpinned
line roughness, though this may increase with larger degree of pitcdivssibn.
Propagation of roughness is limited to only one line here, and this will only increase with
larger pitches and levels of pitch sdivision in the guiding patterns. Howeyéhere is a
measurable difference between pitch replicating and pitch halving roughness, though the

2nm limit on either side remains the same.

4 ;

35 g
T 3| * Pitch Replicating
= | Pitch Halving Pinned
w 2.5 | - A & _ ) '
= [N A . A A A Pitch Halving Unpinned

2 o944 2 e

"I ] S B

14 16 18 20 22 24
Pitch (nm)

Figure 4.5. Line edge roughness as a function of pitch fothbpitch
replicating guiding layers and pitch halving guiding layers. Between 18
nm and 21 nm, there is little change in roughness, and above 22nm the
BCP does not align to the pitch of the guiding pattern. Below 18nm, there
seems to be a confinementesff due to simulation specifics.
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Figure 4.6. Both images show 2dm guiding pitch pattern with 28m
natural pitch BCP. When the guiding layer pitch is too large, the BCP
force themselves into their natugatch in the bulk of the film while being
pinned at the underlayer. a) All beads shown. b) Only A beads shown.

4.3.2.Effect of Sinusoidal and Peristaltic Guiding Lines

Both sinusoidal and peristaltic (see modeling section) guiding lines were
considered. Thesrepresent systematic roughness and errors in the guiding line, both
correlated and antiorrelated, that could occur in the patterning proceBgure 4.7
shows thdine edge roughness and line width roughness through the depth of the film for
sinusoi dal guiding |lines for a BCP with a
most cases, the underlayer roughness does not significantly affect the LER of the BCP,
danping out within 5 nm vertical distance away from the brush layer interface.
However, when both the amplitude and wavelength are large, and the simulation is a
pitch replicating simulation (that is, the guiding pattern has the same pitch as the BCP

patterr) the roughness persists throughout the entire film. It may be that as the film
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thickness increases, this too will damp out further, but this has not yet been studied.
Pitch halving simulations (which are more like those that would be used in semi
conducbr manufacturing) are more resistant to such underlayer deviations, where even
very significant underlayer line roughness has little to no effect on the BCP roughness.
Figure 4.8 shows LER and LWR through thickness for peristaltic guiding lines. In all
cases, the guiding pattern makes little difference in the measured roughness after ~5 nm
of film thickness away from the guiding layer interface. Based on a compafisba
sinusoidal versus the peristaltic guiding pattern results, it appears that BCP patterns are
more tolerant of fluctuations in guiding line width than fluctuations in line edge position.
This is consistent with the most common defects where the f@main roughly the
correct width throughout, though they branch and twist. Though the underlayer line
roughness does not affect the BCP roughness significantly, the effect of these underlayers
on defectivity was not studied here, so it should not benasd that any roughness in the
underlayer can be tolerated without penalty, only that such guiding pattern roughness will

not likely affect BCP pattern roughness significantly.
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Figure4.7. LER and LWRthrough depth for sinusoidal guiding lines. The
film surface is located at a depth of O nm, and the -tinderlayer
interface is located at 15 nm. A refers to the amplitude and WL the
wavel ength of the underl ayer sine wave.
In most cases, roughness in the underlayer is mitigated in the first ~5nm.
a) LER of pitch replicating simulation. When the amplitude and
wavelength of the guiding stripe are very high relative to the line width (in
this case the amplitude=35% of line widthile the wavelength is 4 times

the line width) then there is some roughness that persists through
thickness. b) LWR of pitch replicating simulation. LWR is unaffected
except perhaps right at the underlayer. c) LER of pitch halving simulation.
Effects of underlayer are more damped. d) LWR of pitch halving
simulation.
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Figure4.8 LER and LWR through depth for peristaltic guiding lines. The
film surface is located at a depth of O nm, and the -tinderlayer
interface is located at 15 nm. In all cases the roughness is damped out
within 5 nm of the underl ayer. LER
pitch replicating simulation. b) LWR of pitch replicating simulation. c)
LER of pitch halving simulation. d) LWBf pitch halving simulation.
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4.4.Conclusions

By using our coarse grained BCP model we have studied the process window for
pitch mismatch for a high 6 system. There
natural pitch of the BCP, as measured by linghmess, outside of which lines buckle or
deform. The effect of roughness in the guiding layer pattern on resulting BCP pattern
roughness was also studied. Only in cases of extreme roughness (i.e. long range
roughness with total deviations more than onetquaf the BCP pitch, or more than one
half the guiding pattern line width) was any roughness perpetuated throughout the
thickness of the BCP film. Antiorrelated roughness (high LWR patterns) had less
effect on the BCP line patterns, showing no rougkneerpetuation throughout the BCP
film thickness for any guiding stripe. Finally, BCP DSA processes using pitch sub
division patterns were more tolerant of guiding layer pattern roughness as compared to

processes using pitch replication patterns.
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CHAPTER 5

EFFECT OF POLYDISPERSITY ON LINE ROUGHNE SS

A coarsegrained molecular dynamics model was used to study the thin film self
assembly and resulting pattern properties of block copolymer (BCP) systems with various
molecular weight plydispersities. Diblock copolymers (i.e-lAB type) were simulated
in an aligned lamellar state, which is one of the most common patterns of potential use
for integrated circuit fabrication via directed safsembly of block copolymers. Effects
of the polydispersity index (PDI) on feature pitch and interfacial roughness, which are
critical lithographic parameters that have a direct impact on integrated circuit
performance, were simulated. It was found that for a realistic distribution of polymer
moleallar weights, modeled by a Wesslau distribution, both line edge roughness (LER)
and line width roughness (LWR) increase approximately linearly with increasing PDI, up
to ~ 45% of the monodisperse value at PDI = 1.5. Mechanisms of compensation for
increaseA-A and BB roughness were considered. It was found that long and short chain
positions were not correlated, and that long chains were significantly deformed in shape.
The increase in LWR was due to the increase in LER and a constant correlation between
the line edges. Unaligned systems show a correlation between domain width and local
molecular weight, while systems aligned on an alternating pattern of A and B lines did
not so any correlation. When the volume fraction of individual chains was allowed to
vary, similar results were found when considering the PDI of the block as opposed to the

PDI of the entire system.
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5.1.Introduction

Block copolymer (BCP) patterning via directed sedSembly (DSA) has been
studied for roughly the past decade for potentialimgbe semiconductor manufacturing
industry™™* By using surface features to guide the phase separation of block copolymers
into structures with long range order, BOBA is a prime candidate for use in s2@nm
patterning. These patterning techniques could be used in conjunction with conventional
193 nm lithography tools, or with newer EUV lithography tools, to transform an initially
large pitch pattern produced via optical lithography into a much smaller feature pitch
structure through directed seafsembly of a block copolymer pattern. In such natho
the traditional optical lithography tools would be used to form the initial guiding pattern
to which the BCP would then align, thus allowing pitch subdivision of the primary
lithographic pattern and creation of ever smaller feattiteSome effects of
polydispersity on block copolymer phase separation in the context of semiconductor
manufacturing have been considered including the effect of PDI on thedisdeder
transition>’ and on defectivity in laterally confined lamelfabut many more effects of
polydispersity in this context are still unstudied. By using our coarsaegramolecular
dynamics (MD) model, we have studied the effects of PDI on pitch (feature repeat
distance) and interfacial roughness in lamellae forming BCPs. Interfacial roughness is
studied by specifically considering line edge roughness (LER), and idik moughness

(LWR), relevant parameters in to semiconductor manufacturing industry.

The pitch of the selassembled polymer domains must be controlled precisely to

produce reliable and useful patterns for semiconductor fabrication. When the guiding
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patern deviates sufficiently from the natural pitch of the BCP, then the block copolymer
no longer produces the desired line patterns. Therefore the lithographic guiding pattern
must precisely adapt a pitch that is a multiple of the block copolymer pitdire S8GP

will reliably reproduce the targeted feature pitch via alignment with the guiding pHitern.
Roughness, in the form of line edge roughness (LER, which is the standard deviation of
the actual line edge compared to a linear fit of the edge) and ldte miughness (LWR,
which is the standard deviation of the line width) must also be controlled to ensure device
success. Roughness in these forms has been shown to result in current leakage, threshold
voltage deviations, and variations in transistor speddof which translate into poor
device performancE Some work on BCP directed selfsembly roughness has been
done!?*® showing that BCP DSAan, under some conditions, repair some of the effects
of roughness in the guiding pattern, and theretmald be used to control roughn¥'ss

However, the effect of PDI on these values has not been extensively studied and is

presented here.

5.2.Models and Methods

5.2.1.Coarse-Grained Model

A coarsegrained polymer model has been used and is described in detail
elsewheré!’ but a brief description will be given here. Polymare coarsgrained by
modeling groups of 4 monomers (corresponding to a statistical segment length) as
individual beads connected by harmonic bond potentials. Every group of three sequential
bonded beads has a harmonic angle potential applied to prellapsemf the polymer

chain due to notbonded interactions. Every bead pair that does not participate in a bond
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potential or angle potential experiences a-honded potential similar to a Lennard

Jones (LJ) potential as givenkiguation5.1:

O - T T 5.1

The parametet; controls the average spacing between-cowvelently attached beads

and therefore has a major effect on controlling polymer density. The paratheter
controls the strength of the naovalent interactions and therefore has a major effect on
controlling tre polymer cohesive energy densit§ED). Since molecular dynamics
simulations are offattice and each parameter can be modified somewhat independently,
the density andCED for a homopolymer can be set to almost any desired value to
represent the polymeof interest® The bond and angle terms can be fit by running
rigorous atomistic simulations to determine the cegrated equivalent distributions of
segment lengths and angles. In this case, the parameters for both A and B blocks are set
to approximatey r eproduce the density, bond and
andsall e set to 0. & ak ckg hii¢ sebtb 1.26 wmanonieters. {he
equilibrium bond length used for both A and B polymers was 0.82 nm, with a harmonic
strength of 10Ckcal/molxnnf. The equilibrium angle used for both A and B polymers
was 2 /3 radians with a h a’Sinulationsweerumatn gt h
500 K, a realistic thermal anneal temperature for EES¥° systems. Simulations used a

timestep of M5 ps. A further discussion of these parameters can be found elséWwhere.

As explained in Chapter 2ye follow experimental methotfsand fit the structure

factor (similartoanx ay scattering profile) to Leibl
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givesarelan f or G as agaN, ddvolaneifraction af the Adblock. In this
p ap e is 0.8 kcal/mol,c is 1.2, the averaged degree of polymerization is 120
monomer s, GN i s approximately 144, and exc

volume fration of A of 0.5.

All simulations were run using the HOOMBIue software packag&?® and
visualized in VMD®. Because of the natural parallelizability of molecular dynamics
(MD) simulations as well as the parallel architecture inherent in graphics procesgsig
(GPUSs), this software package allows a GPU enabled computer to run MD simulations up
to 200 times faster than a standard desktop computer. Three types of simulations were
carried out in this work: cubic bulk simulations, high aspect ratio bulk atmuk, and
patterned thin film simulations as shownFigure5.1. Bulk simulations were carried out
in a fully periodic 3D rectangular unit cell. The cubic balkulations measured 45 nm
on each side and were used to measure the pitch of the BCP. The simulations were
initialized by placing chains built at the equilibrium angle and bond length randomly
throughout the simulation volume. Two minimization steps wesed. The first
minimization step slowly moves apart beads that were randomly placed too close
toget her, and thus have a very g&,¢tgelmamdg repu
Uag values were initialized at a very small value and then a brigfwiziation was run
usingtheFi re mi ni mi zer in HOOMD. The 0 values
with a short minimization r ung(B26nneiathih st ep
case) was reached. Any beads that initially placed too clesgemtly moved apart as
the interaction distance between them increases. Once this step is complete, a second,

longer minimization is run. All bulk periodic simulations were run for 100 ns at 500 K.
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Domain sizes are calculated from these simulations uleding the structure factor
from the radial pair distribution function. The high aspect ratio bulk simulations are run
in a periodic box with dimensions 100 nm by 100 nm by 15 nm. These simulations are

used to view a large area of BCP phase separation.

The patterned thin film simulations, which are used for LER and LWR
measurements, contain two parts, the underlayer and the BCP film. The underlayer is
built using the same beads that constitute the film. It is built to model a brush underlayer,
an underlger where short polymer chains are grafted to a hard substrate. In our model,
the bottommost bead of the chain that composes the underlayer is fixed in space, as it
would be if tethered to a silicon substrate as described previously. The tethered beads are
placed on a square lattice 15 A apart. If the beads are placed much closer than this
distance, then the interface between the underlayer and the film becomes unrealistic and
shows density waves (i.e. alternating regions of very high and very low dearsity)o
interpenetration between the film and the underlayer. If the lattice spacing is too far apart,
then the underlayer is simply penetrated all the way through no matter how long the
chains composing the underlayer are. The length of the underlayas @rai composed
of six beads. Fewer than six beads per chain again results in density waves at the
interface because the fixed underlayer beads are not sufficiently shielded from the film..
Another layer of fixed beads is placed below the brush to actlesdasurface and
prevent inversion of the brush. The patterning of these underlayers was done by setting
the beads in the brush chaias either A or B as a function of their position. For the
purposes of this work, the underlayer is composed of straifjatnpating lines of A and

B at half the natural pitch of the polymer. This is done to ensure that all measured
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roughness in the film is due to the BCP itself and not the guiding pattern. These
simulations were some multiple of the pitch wide (1, 4, 8, B2 pitches wide), 100 nm
long (except when otherwise noted), 15 nm thick, and periodic along their width and
length, though not in height in order to allow a thin film state. The film was built in the
same manner as the bulk BCP simulations and placeapoof the patterned underlayer.
The minimization steps are the same as in the bulk simulations. The BCPs aligrze

by applying an external force field described by:

Al é—‘”

Y 0D e c—‘l’) 50
whereUe is the potential energy is a constant that scales the strength of the potential,

X is the position in thexlimension of the simulation bok, is the repeat distance of the
potential, andv is the width of the interface relative to the pitch. The potential applied to

B beads is negative of that applied to the A beads. This potential drives the system to be

pre-aligned to the underlying pattern, which reduces simulation time.
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C)
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25 nm

Figure5.1. Images of various simulation types used in this work. A beads
are shown in white while B beads are shown in cyan. A) Cubic bulk
simulation. These simulations are 45 nm cubes, periodic in all three
dimensionsand are used to find the natural pitch of polymer systems. B)
High aspect ratio bulk simulation. These simulations are 100 nm by 100
nm by 15 nm, fully periodic simulation box, and are used to view large
cross sections of polymer systems at a low comipuiat cost compared
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to a cubic simulation. C) Short length of a patterned underlayer film
simulation. These simulations are at least 100 nm long and 15 nm thick on
average. A 4 pitch wide simulation is shown, but various multiples of the
natural pitch wereused. This simulation is periodic in the x and y
dimensions, but not in the z dimension, modeling a thin film. The
underlayer (shown in red and blue instead of white and cyan for clarity) is
patterned to produce alignment in the overlying polymer system.

Polydispersity was modeled using a Wesslau distribution. The Wesslau
distribution is an empirical distribution model that has been shown to faithfully reproduce
the weight average molecular weight and polydispersity index (PDI) of linear polymers
for a lage range of molecular weights and distributih&’he Wesslau distribution is

described by:

P .., P, 0
UL WQ(DHT—GEG— 53
f a &5— 54
®
. . o
) ooQoonT— 55

whereP(N) is the probability of a chain having a degree of polymerizalpi,, is the
weightaverage degree of polymerization, aXd is the numbenverage degree of
polymerization. The number of expected chains of len§thn a given simulation is
equal toP(N) multiplied by the total number of chains, which is determined by the
volume of the box, the density of the polymer (~1.4 bemdsnn?), and the desirei..
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When a simulation is initially built, the expected number of molecules of each possible
chain length is calculated and rounded to the nearest integer. The first part of this work
fixes the A bead fraction of each chain to.Ol'6e later part relaxes this restriction and

applies a Wesslau distribution to each block. These block are then linked together

randomly resulting in chains that vary in fraction of A.

5.2.2.Measurement of line edge roughness (LER) and line width roughness

(LWR)

Roughness of the BCP lamellae was measured in the patterned underlayer thin
film simulations. The BCP simulation is transformed into adop/n projection in order
to measure roughness. Because a coarse grained model is used, the visual representation
of the chains has significantly more empty space than a real polymer would have. A
Gaussian blur was used to intelligently fill in this space and prevent unrealistic holes
from appearing in the image. To create a Gaussian blur, each bead is blurred using a
Gaussian distribution in the plane parallel to the underlayer. The bead location is used as
the center of the distribution, and 3 pixels (0.3 nm) is used as the standard deviation of
the distribution. The values of the distributions for all the A beads wenengd for each
point on a 0.1 nm array. This array was converted to a grayscale image where each point
on the array corresponds to a pixel, and the value at each array point corresponds to the
brightness of that pixel. The image was normalized so that highest value
corresponded to white, and the lowest value to black. The line edges are then identified in

the grayscale image by the use of a threshold value similar to the way thresholding is
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done in SEM image analysis of lispace patterns. The threstholas picked to
gualitatively match the line edge and chose to be 0.275 out of a max of 1. This cutoff was
used for all LER and LWR measuremeriigjure5.2 shows the transformation from the
original simulated lamellae to the grayscale image usedoiaghness measurements.
Figure5.2A is a top down view of the simulationsualized in VMD Figure5.2B is the

line after transformation into a Gaussiamrbéd, grayscale imag&igure 5.2C is the
grayscale image with the threshold applied as a yellow line. Patterned underlayer
simulations are run for 100 ns to allow for good statistics of the roughresssirements.

As seen irFigure5.3, LWR converges well before the end of the simulation time, though
larger PDI did take longer to reach this equilibrium. Roughness measurements are made
every 1 ns, and roughnessgasurements over the last 40 ns were averaged. Simulations
used for the measurementhigure5.3 were 1 pitch of the guiding underlayer wide, 300

nm long, and the block copolymer film is 15 nm thick. Other experiments have shown
that the LER is a constant when the inspection length, the length over which roughness is

calculated, is above ~100nm fhig particular potential sésee Chapter 6)
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Figure5.2 Images of BCP aligned to a patterned underlayer for a PDI of
1.54 with Xy=120 monomers. The entire line was 300 nm long, but only
150 nm is show here for clarity. A) A togdown view of the simulation in
VMD. B) The line transformed using a 0.3 nm Gaussian blur with a pixel
size of 0.1 nm for only A beads. C) The same Gaussian blurred image with
a threshold highlighted in yellow denoting the liedge used in the
calculation of LER and LWR.
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Figure5.3. LWR measured at individual timesteps as the simulation runs
in a patterned underlayer simulation. Roughness levels off after a short
time. High PDltake longer to equilibrate, but still equilibrate well within
the simulation time. The jump at very short time occurs because the
external ordering potential has just been turned off.

5.2.3.Measurement of chain pair distribution function

In order to find any awelation between the location of various chain lengths, a
two dimensional pair distribution function (PDF) was calculated. The distance irzthe y
plane (the plane parallel to the lamellar interfaces) between every chain centered on
adjacent lines was aallated. The pairs of chains were then binned based on the distance
between the chains and the difference in N between the two chains, including only pairs
that had one chain on either sideX@f The values of the bins at each distance were
normalized bythe total number of pairs that exist at that distance. This results in a set of
data for each o®@N as a function of distanc:eé

small and large chains.
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5.2.4.Measurement of line width as a function of local number averged degree

of polymerization

Line width and the local degree of polymerization were measured. The simulation
is divided into 1 nm long sections along the length of the line. In each section, both the
average line width is calculated as well as the louaiber averaged degree of

polymerization Xp), as defined in Equatione6.

3
B pX0

56

n is the number of monomers in the given section, Mnd the number of beads in the
chain that bead is on. The denominator of Equatiétb is the number of chains in the
section in question, allowing for partial chains. For example, if there were two chains,
one with 100 monomers, and one with 200 monomers, and each had thaifobiain in

the given section, then there would be one entire chain in the section, and the
denominator would be one. The numerator would be 100*0.5+200*0.5 = 158, So
would be 150/1 = 150When this is calculated over the entire simulation, it yi¢hds
overall number averaged degree of polymeriza@iThe local line width is the average

line width over that 1 nm section. In unaligned simulations, the same analysis was
performed except that the line width was calculated along a vector perpentlctiia

line edge. In the aligned system, this direction is already defined by the nature of the
alignment, but in the unaligned case, the direction perpendicular to the line edge must be

calculated at every point.
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5.3.Results and Discussion

Fully periodic,bulk simulations (45 nm cube) witha Nof 144 andXy of 120
were run at various PDI values. The pitch was measured by calculating the structure
factor from the radial pair distribution function. The calculated polymer pitch as a
function of PDI is shownin Figure 54 alongside experimental results using
poly(ethyleneal-propylenejb-poly(D,L-lactide) (PEPPLA) varying the polydispersity
in the PLA block by Lynd and Hillmyé? Figure 5.4, in agreement with experimental
results published by Lynd and Hillmy&f® as well as Mesushita et at/, shows that an
increase in PDI increases the pitch of a polymer. While this effect is apparent even at low
PDI, the effect is still relatively small. One possible technique to account for this increase
in pitch is to blend different batcheof polymers that have different number averaged
molecular weight. Because pitch scales with molecular weight Y€~ the strong
segregation limff), changing the average molecular weight of a system by blending
allows one to control the pitch ofplymer system. By adding smaller polymers to these
distributions, one might be able to lower the average molecular weight of the system
enough to counteract the increase in pitch associated with the increased PDI. This has
been conceptually demonstratesidathoroughly discussed elsewhéteHowever,
bl ending BCP6s of different molecular weig
a blend with a higher PDI than a monodisperse system at an equivalent pitch, and the
results of such an increase in PBu¢h as increased roughness and defectivity) would

need to be considered.
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sets show that the scaled pitch increases with PDI at similar rates.
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Figure5.4. Pitch normalized to the monodisperse pitch. The-BHERA
experimental results were obtained by Lynd and Hillfiyley varying the
pol ydispersity in the PLA block at

here use a Wesslau distributi

Patterned thin film simulations were run at various PDI witho& 1.2 andX, of
polymerization of 120 monomers (resulting s &bf 144). The width of the simulation
was set at a muile of the natural pitch of the polymer at the simulated PDI. For any
PDI at which the natural pitch was not measured directly, the natural pitch used was
taken from a hear fit to the data ifrigure5.4. As seen inFigure5.5A, LER increases
approximately linearly with PDI. The width of the simulation (nultiples of the natural
pitch Lo) has a significant effect at low PDI, but no clear effect at high PDI (above PDI ~

1.3), and increasing simulation size to gmlide removes any effect above a PDI of 1.1.

128



The effect is due to the correlation forced bedw line edges and will be discussed in
further detail later. In the widest simulations §&Iind 12 k), LER increased an average

of 43.5% above its monodisperse value at a PDI of ~1.5 and an average of 13.5% above
its monodisperse value at a PDI of ~ {alPDI value which is generally achievable in
these types of systems). Line roughness must be controlled in integrated circuit
fabrication to prevent current leakage, threshold voltage deviations, and variations in
transistor speed, all of which resuit poor device performantle Using Figure5.5, the
roughness benefibr a decrease in PDI can be estimated and compared to the financial
and temporal cost of reducing PDI, giving guidance to those designingDEaP
systems as well as those synthesizing the polymers for these systems. However, other
important properties dCPs (including defectivity) may still be affected by PDI and are

still in need of further study.

Although both LER and LWR are detrimental to semiconductor device
performance, LWR is generally considered to have the strongest negative effect on
device performancé® Here, LWR is higher than LER in all cases and generally
increases at a similaate to LER as shown iRigure 5.5B. In this case, the 1olwide
simulaton yielded a lower LWR than the wider simulations, but 4, 8, and 1®ide
simulations all yielded similar results. In general, high PDI systsrmas more noise ( as
in Figureb5.3), and this likely accounts for the spread of data at higher PDI in the 4, 8 and
12 Lpwide simulations. LWR in the 4, 8, and 12 wide simulations increased average of

45.1% ata PDI ~ 1.5, and 11.6% at PDI ~ 1.1, comparable to the incre&sr.
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Figure5.5. LER (A) and LWR (B) as a function of PDI and simulation
size with aX, of 120 and & Nof 144. Both LER and LWR increase at a
similar rate as PDI increases.

130



Polydispersity will affect LER and LWR by increasing the roughness at the A
and BB interfaces (in this middle of the A or B domains). Because chains of different
length will necessarily extended different distances into the A or B domain, the roughness
at thisinterface will increasek-igure5.6 shows the increase in LER of theAAdomains
as a function of PDI. This effect is independent of simulation size, and silwglyer
than the AB LER because there is no enthalpic restoring force at tieidterface.
Because the simulated polymers here are energetically symmetric (that is;Ahe A
interactions are identical to theBinteractions), the 8 roughness is affeetl similarly.

The polymers must accommodate this increasedl ahad BB roughness in one dfiree

ways as shown iffigure5.7: 1) increased line roughness, 2) coriielaf chain lengths

in adjacent lines (small chains favoring interaction with long chains at the adjacent
interface and vice versa), and 3) defation of chain shapeFigure5.5 shows that the

first effect occurs to at least some degree. However, terdughness increases 2.6
times faster than the-B roughness (on a normalized basis), so one of the other two

modes must be important as well.
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Figure5.6. A-A LER as a function of PDI and simulation size.
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Figure 5.7. Different mechanisms to compensate an for increase-An A
and BB roughness. A) Increasing-B roughness. B) Correlating short
and long chains. C) Deforming chains.

Figure 5.8A shows the probability that the center to center distance (where the
center isthe average position of the center two beads in the chain) of a pair of chains on
adjacent lines and with a particular difference in chain lergBl (will be found at a
particular distance in the yz plane (the plane parallel to the lamellae). Thibiptplia
shown in the form of a pair distribution function (PDF). Only pairs of chains where one
pair is shorter than the average and one chain is longer than the average are considered so
that the expected lorghort chain correlation, if it exists, isnglified. If long chains and
short chains are coordinating to limit the effect on thB Poughness, this plot should be
higher at low values of, but this is not the case: there is no change in the pair
distribution as a function of distance for any wabf N Therefore, there is no evidence

that the nechanism as depicted Bygure5.7B occurs hererigure5.8B shows the
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number of interactions that occur for each valuepd It is this relation that causes the

g Nin Figure5.8A to be at different normalized values.

The only other way in which increased-AA and BB roughness caused by
increased PDI can be accommodated is the deformation of chain shapes at higher PD
This preserves the -B interface, but is energetically unfavorable fibre chains
themselvesFigure5.9 shows the average end to end distance of the polymer ichihie
x dimension as a function of chain length for various polydispersities. The average end to
end distance in the x dimension for monodisperse systems (at v&ryirsgshown as the
unperturbed case. Long chains in the polydisperse systems arecaighifishortened,
while short chains are relatively unperturbed. Interestingly, chains are similarly affected
at both PDI values. The small difference betwehe two PDI values iRigure 5.9 for
large N is likely due to the small increase in pitch in case of the large PDI. Overall there
is less perturbation of chains at smaller PDI values, because there are fewer long chains
in those cases, but the degree to whichraitechain length is shortened is independent
of PDI. Two of the three ways increaseéAfand BB roughness can be accommodated
in these systemslescribed inFigure 5.7, specifically increased # roughness and
perturbation of chain lengths, are present in the systems studied Cheastitative
analysis of the contributions and energetics of these two mechanisms may be addressed

in future work.
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Figure5.9. Chain size in the x dimension as a function of chain length and
PDI. The PDI =1 line is half the natural pitch of a monodisperse system at
the given N determined forhanshaee ¢ val ue

clearly perturbed from their natural state.

It is interesting that the 1plwide simulations exhibited decreased LWR across all
PDI (though the effect is smaller when PDI is near 1), while LER was only affected at
low PDI. It is to be expectedhat narrow simulations would cause increased correlation
between line¥*, but the change in effect with dispersity may not be so obvious. The

relationship between LER and LWR can be mathematically showrfto be

DwyY 0DOY 00Y ¢z0OY¥Y0DOYOO 57

whereA and B denote to adjacent |l ine edges.

defined by:
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tEBow BwBw

¢eBw Bw ¢Bw Bw >8
nis the number of points in a data set, arhdy define the two components of that data
set. In this casep is the number of points that define a lineis the set of positions
defining one line edge andis the set of positions defining the corresponding line edge.
When CGe = 1 the two line edgegaperfectly correlated, while when GG= 0 the two
line edges are completely independent, and whepi EC1 two line edge are perfectly

anti-correlated, as shown kigure5.10.

A CC.e of one results ih @Y 9 OY 0 O"swhereLERy andLER; are the
line edge roughnesses of the two edges that constitute a line. In the caséER@ae

the same akERs, which would be generally true for the systems considered here, then
LWR=0. ACGgofOresultsin0D Y 00Y 0 OYWhenLER,is the same as

LERs then LWR simplifies tolic0 ‘O.YThis is the case often assumed in traditional
photolithography® A CC.e of -1 results ind @'Y 0 ‘O'Y 0 O'Ywhich simplifies to

0w’y ¢b0Y

The correlation coefficient between adjacent line edges for each PDI was
calalated and is shown iRigure5.11A. In all cases the GEg for adjacent interfaces is
above 0 as opposed to traditional photolithography where it is often assumed to be 0. If a
fluctuation occurs in one line edge then eitheeré is a change in line width, or the
opposing line edge must move to match this fluctuation, or some combination of the two.

Because the lowest free energy state of a BCP system is at a specific pitch, the system
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will adjust the line edge to prevent tiecrease in line width. The polymers at each
interface will interact and adjust to fluctuations to avoid deviations in line width,
resulting in a correlation between the two interfaces that determine a line. There is no
apparent dependency of the corr@ati coefficient of adjacent interfaces on
polydispersity for simulations that are 4 br more wide.Figure 5.11B shows the
correlation between lines as a function loé¢ distance between lines for the l2wide
simulations and for one representative #wide simulation . Lines that are adjacent
(pLine = 1) have a relatively high <correl
interfaces apart, the correlation haspped significantly and is nearly 0. The use of a
one to one guiding pattern in these simulations likely increases fluctuation dampening
beyond the BCPs inherent ability by adding an additional restoring force to every

domain.

The general decrease inrggation with simulation width explains the general
increase in LWR with wider simulans (Figure5.5B); given a constant LER (as seen
the high PDI case ofigure 5.5A) decreased correlation mathematically leads to
increased LWR. The 1plwide correlation is clearly an artifact of simulation size, but it
is interesting thatraincreased PDI shows the ability to decouple the two line edges to
some degree. The propensity for PDI to do this may be important when studying other
systems involving PDI. Additionally, this artifact explain the decreased LWR for the 1 L
wide simulatims. The increased correlation compared to wide simulations

mathematically depresses the LWR of they vide simulations.
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Figure5.10. Line edge correlation coefficient (G examples.
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Figure 5.11. A) Correlation coefficient (C) as a function of PDI for
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Figure 5.12 shows top down images of high aspect ratio bulk simulations at
various PDI. While for lower PDvalues, such as iRigure5.12A and Figure5.12B the
lines are roughly uniform in line width and appear to contain fewer terminations. At a
high PDI of 1.56, seen iRigure5.12C, variations of line width become clearly evident,
with the lines bulging and bending much more, especially at the ends of lines. These lines
also seem to havénarter run lengths than monodisperse systems, but this has not been
guantitatively studied. It seems that the disparity in chain lengths stabilizes tiseabn
formations in the system, such as ends of lamellae or bulges in the system. This could

translde to higher defectivity in systems with high PDI.

There appears to be an increase in-emtielation at increased PDI when there is
not a guiding underlayer, as can be seerigure5.12C. Figure5.12D andFigure5.12E
break dowrFigure5.12C into images showing only chains longer tb@r{Figure5.12D)
and chains shorter thag (Figure5.12E). In these images it can be seen that small chains
localize themselves to the interfaces while larger chains span the whole domain. These
large chains seem to concentrate the bulk of their mass imittile of the A or B
domains, causing their the shape of these chains to be look like a dumbbell, being
narrower in the center and larger at the ends.. When the small chains and large chains are
not evenly dispersed (i.e. there is local aggregation ofll smnaarge chains), local
fluctuations in the line width can be observed. The red circleemmath a solid line in
Figure 5.12D and Figure 5.12E shows a region where small chains have aggregated
leading to a narrower line, whiklae red circle made with a dashed line shows a region
where large chains have aggregated, leading to a wider line. Other similarsragso

also apparent ifrigure5.12D andFigure5.12E. The increase in domain size or decrease
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in domain size does not have to be identical in the A and B domains. Locally, the A phase
(white) may hae few large chains, while the B phase (cyan) has an abundance of large
chains as seen near the circle made widolad red line inFigure 5.12D and Figure

5.12E. Of course, the A portion of the large chains has to go somewhere in the A domain,
thus swelling the A domain somewhere else. This leads to the A phase having different
variations in width than the B phase which helps produce the bulging, pinching, and

bending seen in the high PDI systems.
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Figure5.12. Top down views of high aspect ratio bulk simulationsCA)

show images at PDIs of 1, 1.3, and 1.5 respectively. As PDI increases,
local swelling and pindahg of lines due to local variations in chain length

is apparent. Run length is also decreased as PDI increases. D) and E) show
the PDI = 1.5 simulation (C) showing only large chains (X 3 2nd

small chains (X < X) respectively.

Figure 5.12 suggests that the local line width should increase with a change in
local Xy, The line width as a function of local number averaged degree of polymerization

was calculated fathe high aspect ratio bulk simulati with a PDI of 1.56Kigure5.12C)
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and an aligned simulations that was b2vide and had a PDI of 1.29. Sections of lines in
theunaligned system very close to branches were excluded as line width becomes hard to
define. Normalized line widthW/W,,¢ for both the aligned and unaligned simulations
are plotted versus local number averaged ek gf polymerization ifrigure5.13. There

is a clear increase in line width of the unaligned systeM,ascreases. The smallex}

values give line widths ~20% (~4.5 nm) smaller than the averagevidtd while the
largest chains give line widths I6% (~23.5 nm) higher than the average. The aligned
system shows little to no correlation between line width)X&hd he guiding stripes add a
large penalty to line width variations and defects that is not present in unaligned system.
While the unaligned system can swell the domain in one region while reducing the
domain in another region, the aligned system suffeligrafisant penalty for doing so
because of the underlayer. It would be expected that underlayers with more infrequent
pinning stripes would reduce this penalty, eventually retuning this behavior to the bulk

simulation.
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Figure 5.13. Analysis of line width and weight averaged degree of
polymerization Xy). Data for simulations that are 12 pitches wide on a
patterned underlayer are shown along with the high aspect ratio bulk
simulation (no patterned under&y.

The results above only consider chains which contain equivalent numbers of A
and B monomers, but in real systems, the composition of each chain will vary. PDI was
modeled by creating A blocks using a Wesslau distribution, and B blocks using a
Wesslaudistribution. The chains lengths that result from these distributions are then
linked together (A blocks with B blocks) randomly. Producing PDI in this way is similar
to fAclick ch&m®nesitteresting reset tofppmdusing PDI in this way is
tha when linking together groups of A blocks and B blocks that both have a PDI of 1 +
D, the resulting polymers will have a PDI of approximatelyld2. In the case where all
chains are 50% A, small A blocks must be matched with small B blocks and large A
blocks must be matched with large B blocks, but in the case where the blocks are

randomly linked, small A blocks get matched with the whole array of B blocks, so the
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length of many chains is shifted towards the average. 4 simulations that were 4 domains
wide and 100 nm long were simulated using this method of incorporating polydispersity.
The PDI of the A and B blocks (Block PDI) used were 1.10, 1.20, 1.51, and 2.26. Each
simulation linked together A and B blocks with identical PDI, so 4 simulations were
produced with PDIs (System PDI) of 1.05, 1.10, 1.24 , and 1.53. The highest two values
produced unrealist results, as seen iRigure 5.14. Small blocks of A connected to
larger blocks of B resulted in a large number of beads in the incorrect domain, especially
at the free interface. Some chains with very large volume fraotibose of the blocks

may be filtered out with unreacted homopolymer if produced in a real system, but have
not been removed here. Regardless, the mechanism of LER and LWR increase is clearly
different in these cases than in the lower PDI cases and cotistant volume fraction
cases. Such materials would likely present many difficulties before LER and LWR
became an issue. The measured LER and LWR was significantly higher than all other
simulations, mostly due to significant blurring of the image by th&db in the wrong

domain.

The new results for PDI = 1.0dnd 1.10 are plotted iRigure5.15 alongside the
data obtained from the distributions that maintained-&®%Gp@roportion of A and B. The
data is plotted twice: once using the actually PDI of the system (labeled System PDI), and
once using the PDI of the blocks before the two blocks were connected to for BCPs
(labeled Block PDI),. When plotted using the systent, Bi2re is a clear shift away from
the data obtained using the fixed volume fraction polymers, in both LER and LWR, and
in A-A LER. However, when plotted by block PDI, the data aligns very well with the

previously found results using a fixed volume frawtifor which the system PDI and the
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block PDI are identical. This suggests that the important dispersity when considering line
roughness is not the overall system PDI, but the block PDI. This implies that the volume
fraction of an individual chain does thmatter, so long as the volume fraction of that
chain is not so large or smalat effects as seen fhigure 5.14 occur, and that the

volume fraction of the whole s{em is constant.

In these simulations, the A and B blocks were always identical, both in energetics
and in PDI. Real systems of course are not so symmetric. When one block has a different
PDI than the other block, then the effect on LER on either siddeofine would be
different. How this translates into overall LER is a question deserving of further study,
but presumably the appropriate PDI to use would be somewhere in between the block and
system PDI. These asymmetries may have an effect on camekatid therefore on

LWR.

Figure5.14. Images of a BCP with block PDI = 2.26 and a system PDI =
1.53, showing A) A beads and B) B beads. The large numbers of very
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36 LER

small chains and chains who volufinactions are extremely small or large
results in a large number of beads in the wrong domain and in a wetting
layer of short chains.
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Figure5.15. LER (A) , LWR (B) , and AA LER (C) including results

from simulations that have variations in volume fraction for each chain.
The green 5 point stars plot the data using the PDI of the entire chain. The
blue 8 point stars plot that data using the PDI of the blocks only. PDI
calculated either way for the simutats whose chains are all at a volume
fraction of 0.5 is equal. Using the PDI of the blocks only, the roughness of
the simulations that allow volume fractions to vary on each chain matches
the roughness of the simulations where chains are all 50% A.
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5.4.Conclusions

A coarse grained molecular dynamics model was used to study the effect of block
copolymer polydispersity on lamellae pitch, lamellae edge roughness, and local chain
effects. LER and LWR in block copolymer DSA patterns both increase approximately
linearly with PDI, increasing about 45% of the monodisperse LER or LWR at a PDI of
1.5. it was found that the-A and BB interfacial roughness increased significantly with
increased PDI. Three mechanisms of compensation for the increasé irodghness
were considered: an increase irRBAInterfacial roughness, correlation in position of long
and short chains, and deformation of chain lengths. It was found that long and short
chains showed no correlation, and that long chains were significantly deformed. The
increase in LWR was explained by the increase in LER modified by the correlation
between adjacent line edges. On the guiding layers used here, the correlation between
line edges decreased rapidly after adjacent line edges. Unaligned systems showed local
swelling an pinching as a function of local chain length, but the aligned systems showed
no such correlation between line width and local chain length. Systems were run where
volume fraction was allowed to vary on each chain. At low PDI (system PDI< it.25),
was the PDI of the individual blocks, not the overall system PDI, that determined LER

and LWR.
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CHAPTER 6

EFFECT OF c AND N ON LINE ROUGHN ESS

The effect ofc Non the block domain interfacial roughness and block domain
width variation for lamellae forming BCP systems in thin film form was studied using
molecular dynamics simulations. This roughness was quantified in particular for the case
of lamellae orientegerpendicular to a substrate surface in which directeeassfimbly
methods are used to provide lerapge order in the system. The domain interfacial
roughness was characterized in terms of line edge roughness (LER) aBthem&llar
domain interfaces defined by bead density mapping. The block domain width variation
was characterized in terms of a line width roughness (LWR) of the A and B domains
again as defined by bead density mapping of the aligned BCP films. These two
parameters were chosen andantified since they are particularly important for the
potential application of block copolymer directed sefembly in semiconductor
manufacturing as an enhancement to current optical lithography techniques. LER and
LWR behavior at lonc Nalues receied particular attention in this work because of the
lack of prior studies in this area. Previously, the behavior of LER and LWR athigh
values has been probed using analytical techniques based offi@ctdreibler, Ohta,
and Kawasaki (LOK) models, bthese models use assumptions that limit their accuracy
in the lowe Negime. Using a coarse grained molecular dynamics model, this Isw
region was explored. A sharp increase in LER and LWR in aligned BCP patterns is
found for lowe Nalues. A modelproposed by Semenov gives similar behavior, but other
model s under e thoughngadd egreanient is downd atNighivalues.
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Using guiding stripes with programmed roughness instead of idealized straight guiding

stripes does not change the degerce of BCP LER and LWR an N
6.1. Introduction

Selfassembly of block copolymers (BCPs) has received significant attention in
recent years in the field of semiconductor manufacturing with the hope that such block
copolymers could augment existing lithographechnology to help decrease feature
size! Directed selassembly (DSA) uses the natural miptmase separation properties of
BCPs, with the help of a guiding layer, to produce the long range order required for
electronic device fabricatior?? It is enthalpically favorable for each block in the BCP to
maximize its interaction with like blocks. This would cause homopolymers to bulk phase
separate, but because each block is bonded to an unlike block, the size gflragee
are limited to the nanometéength scale. Two particular microphases of BCPs are of
interest in such semiconductor patterning applications, namely lamellar morphologies and
cylindrical morphologies. This work focuses in particular on lamellar forming BCP
systems which enable theopuction of linespace type patterns that are pervasive in
semiconductor manufacturing. Neglecting outside factors, diblock copolymers that
contain roughly equal volumes of each block will form lamella#hen coated on a
sufficiently neutral under |l ayer, the BCP
pattern that is still disordered over length scales much larger than the block copolymer
domain size. However, when a topographical or chemical pattern is created in the
underlayer, intermediate and long range order can be ind@&echordered BCP films

can be used to shrink the smallest feature dimension that can be achieved using direct
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optical lithography methods via pitch divisibthe two common ways in which BCPs

are guided are graphoepitaxy, where the polymers are guided via topographic patterns,
and chemoepitaxy, where the polymers are guided via chemical patterns on ideal flat
surfaces’*®> One common scheme by which BCP are chemically guided is the use of a
small line that interacts preferentially with one of the blocks, that is adjacent to a much
wider neutral liné. The strongly interacting line (here called the pinning line) is the
pattern to which the BCP aligns. The BCP lamellae will naturally align to each othe

propagating the original pattern over the neutral stripe.

Regardless of the processes, the BCP lamellae will have some inherent deviations
from ideally straight lines. In the semiconductor manufacturing field, variations from a
straight line edge, knawas line edge roughness (LER), and variations away from a
uniform line width, known as line width roughness (LWR), are important to device
performancé.”® They will negatively affect transistor performance by creating variations
in transistor speed, asell as current leakage and threshold voltageThe degree to
which the copolymer blocks will phase separate is typically described by the product of
the total polymer degree of polymerization (N) andtheepthat i nt er acti on peé
from Flory-Huggins polymer lattice theory for the particular block copolymer of interest.
According to mean field theofythe orderdisorder transition for BCPs occurs @i\
10.5 (or slightly above this when fluctuations corrections are considered), so the drive to
phase separate is considered high wikex> 10.5. To date, most models have focused
on the strong segregation regime (SSR), where the drive to phase separate (as described
by the product of ¢ and N) is high®*® When this condition is met, models have had

success describing LER, but whe Napproaches 10.5, less is known about how BCPs
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will respond. This is an important issue since it advantageous to useNovagres for a

given block copolymer since a shorter polymer chain leads directly to smaller domain
sizes and ultimately smalldeature sizes. Thus for any block copolymer, there will
always be an interest in extending the use of such a polymer to as small a \alMesof

is possible. This paper presents results for the first time using detailed molecular
dynamics simulations thahow the LER and LWR behavior that is expected in block

copolymer DSA whem Ns not in the SSR.
6.2.Modeling

6.2.1.CoarseGrained Model

This work has used a coarse grained molecular dynamics model described
elsewheré"*® In brief, the polymers are modeled by representing four monomers as a
single bead. Four monomers were chosen because it corresponds approximately to the
statistical segment length for polystyrene and poly(methyl methacrylate), two types of
polymers commdy used in BCPDSA. Grouping a different number of monomers into
one bead would approximate a different statistical segment length, and change the
flexibility of the chain. These beads experience three different potentials-laonded
potential (similarto a Lennardlones potential, but made softer and broader by using an
8-4 potential function), a harmonic segment potential (corresponding to stretching or
compressing the BCP), and a harmonic angle potential (corresponding to bending the

BCP). The nofbonded potential uses the form

154



o 4
as,;

£0)=6, 5§ - 25§
g~ ¢l =

Q

~

6.1
r

o

wherelj refers to the strength of the interaction between beads of &y, G; refers to

the equilibrium distance (that is, the minimum b tpotential), and r refers to the
distance between the two interacting particles. All beads experience this potential as long
as they do not also participate in a bond or angle potential together-2i,eantl 13
bonded interactions are not subject his thorbonded potential). Two bead types were
used, referred to here as type A and type B, representing two different arbitrary monomer
types. The potential function parameters for these two bead types were set to reproduce
polymer properties similar tgpical BCP polymers such as polystyrene and poly(methyl
methacrylate), with & value (i.e. the common Floiyuggins parameter) used as a
measure of driving force for micfohase separation that can easily be changed by
modifying the potential function pameters. The details of the block copolymer model
and the method used to relate the potential function parameters valae are found
elsewheré! The same potential values that were used elsewhere were uséd Fare.

the harmonic segment potential, the spring constagk ¢sed was 100 kcal/(mol rfin

and the equilibrium length used was 0.82 nm. For angle potential, the spring constant
(kang) Used was 5 kcal/(mol nhand the equilibrium angle used was 120°. For the non
bonded potentiakia and (s were both set at 0.5 kcal/mol alik was varied to change

G N, as descr i beivalies (anClheaapdilg)rwer® set af1.26 nm.

Polymers composed of 144, 120, 96 and 64 monomers were used. Each polymer was

155



composed of two blocks of equal length, one composed of A beads and one composed of

B beads.

All simulations were performed in a thin film state in the same manner as
described elwhere?® A polymer film 15 nm thick is placed on top of a patterned
polymer brush underlayer. The simulation is periodic inxtlaady dimensions but not
in the z dimension so as to allow a thin film configuration. These simulations are four
BCP domains wide and at least 200 nm long, far longer than the 100 nm necessary to get
accurate roughness measurements, as shokigure6.1, and wide enough that with this
underlayer, the periodic boundary has a small effect on roughmessurements The
dense guiding layer used here is likely a lower estimate of the true h&ERWER in a
BCP system, since real processes require a widerg neutral strip provides little
guidance.The BCP film was built initially aligned; beads were built at the correct bond
lengths and angles and with A beads above the A guiding stripe, laead8 above the B
guiding stripe. The underlayer was then placed beneath this film. All initial chain
building was done in Molecular Operating Environment (MOE) followed by an energy
minimization step in MOE and in HOOMDBIue**?*. Subsequently, molecular

dynamics was performed on these simulation volumes using HOBM®&
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Figure6.1 LER as a function of inspection length. Above ~ 100 nm, LER
becomes inspection length independent.

The underlayer pattern momposed of alternating lines of A and B beads each
half the width of the natural periodicity of the polymer. Each line is built straight so that
the measured roughness is due to the natural polymer roughness and not the underlayer.
However, as it has beatemonstrated elsewhere, the BCPs are not strongly affected by

underlayer pattern roughness.

6.2.2.Measurement of line edge roughness (LER) and line width roughness

(LWR)

To measure the roughness through the thickness of the film, the beads of one type
(e.g. A beads) were binned basedfweir positions. A square lattice was usedxfandy
(i.e. a surface lying in the same plane as the thin film), to make a map of the number

density of beads. In the z direction, a 3.5 nm binning depth was used. Details can be

157



found in the supporting infmation section. The bead density histograms were then used
to define line edges by choosing a particular bead density as a cutoff. This threshold
cutoff in bead density was selected as to minimize the roughness and match the line edge
as inspected visllg. A threshold cutoff of approximately 35% of the highest bead

number density was deemed optimal in most cases.

To measure the roughness through the thickness of the film, the beads of one type
(e.g. A beads) were binned based on their positions. uArsdattice was used for x and
y (i.e. a surface lying in the same plane as the thin film), to make a map of the number
density of beads. In the z direction, a 3.5 nm binning depth was used. Using different
binning depths has an effect on measured LER laMiR because averaging over a
greater number of beads smooths out roughriegare 6.2 shows the same state using
different binning depths, anéigure 6.3A shows LERmeasurementat various binning
depths. LERmeasurementaere not taken for a binning depth of 1 nm because some of
the lines are not continuous at some points, which makes it impossible to define a line
edge or width at that point. Even though all the images are of the same state, and each is
centered in the BP film, merely by averaging over more beads, the roughness clearly
decreases. To isolate this effect, all simulations used a binning depth of 3.5 nm. This was
done to beconsistenwith our previous work which also used a 3.5 nm binning depth to
look at oughness through the depth of the film. It is important to point out that even
though the roughness values will change based upon the binning depth, when these
values are normalized, they collapse onto the same curve, so the overall curvature is the

same egardless of binning depth. This is showrrigure6.3B.
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Figure 6.2 Images of bead density histograms at variomsibg depths.
Al l i mages show the same simulation at
20. All bins are centered in the z dimension of the film.
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6.3.Results and Discussion

6.3.1.Ef f ect of GN on LER and LWR

A polymer system was simulated at varimg al ues by gglvaue.gi ng
The system was simulated on a 1:1 patterned brush with lines of A and B where the
underlayer line widths were equivalent to half the BCP domain. Polymers containing 120
monomers were used. FerNof 22, the domain size is 12.5 nanometers, for@f 70,
the domain is 16.7 nanometers, and far Bbf 286, the domain is 20.8 nanometers. This
scenario limits the source of roughness to the BCP itself, and not the pattern, a very
difficult task to do experimentally at small pitches. By varyaga the parametetCig
and measuring the LER and LWR of the line, we find that LER and LWR are weakly
dependent o Nabove ac Nof ~100, but strongly dependent belemN100 as seen in
Figure6.4. At the lowestes Nvalue of 20, the roughness is actually greater than half the
width of a line. The image of this simulation along with a higaeXsimulation for
comparison is shown iRigure6.5. This sharp increase asNlrops may prohibit use of

BCPs at lonc Nalues to achieve small patterned feature sizes using this technology. The

International Technology Roadmap for SemicondulofidRS) s ci fi es a 310

limit of 0.8 nm for a half pitch of 10 nm. Even with great improvements in etching or
other methods of line smoothiA%,such methods likely cannot heal such roughness
sufficiently. The model polymer studied here is not inherently able to achieve that
specification even in the SSR (> 100). However, the lowest LER measurments appear
to be approaching the noise limitofrou t ec hni ques so that the

may be artifically high, though the effect does not look to be very great. Etch and post
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processing smoothing techniques have not been considered and may help achieve the
ITRS specification, and. Other @hges, such as smaller segmental lengths (more flexible
polymers) may also help achieve smaller domain sizes and smaller roughness values. It is
also possible that using a much largéthe maximunc used here is 2.38) and a smaller

N would produce loweroughnesses because of the larger interfacial penalty due to the
high 6, without dramatically increasing NPatrone and Gallatihsuggest that a value

perhaps as high as five is necessary to meet specifications.

N
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Figure6.4 LER and LWR as a function @ NThere is a sharp increase in
roughness as Nipproaches the ODT.
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YN ~ 70

Figure65Top down i mages of |l ines at a fair|
The |l ow 6N system shows | arge deviatio
edges.

The same simulation was run with chains composed of 144, 96 and 64 monomers.
As seen irFigure6.6A, polymer systems with small& have a slightly lower roughness
than polymers with largél, though all chains lengths show a similar overall dependence
ong NWhen this data i s (pigure6.6Beidn satse aahe ttain cGtN, o n
approximatelycollapses to a single curv&his may indicate that the roughness is

probably primarily due to interfacial widt

than by N or GN.

163



A s

oN=64
4 | ©N=96
_ ¢ N=120
EEERN N=144
x 10 N = 256
192 4
OC% O 300
O *® &8 & ¢ o
1_
O T T T T T T T T T T T 1
0 100 . 200 300
B) 5. aN = 64
oN =96
4 - oN =120
_ N = 144
EERRA N = 256
A
2_
k do”odo
LR SRR
1_
0 —
0 1 2 3

Figure66A) LER as a function of N for

decrease as GN approaches the ODT.

roughnesses. B) LER plotted as a function &f This collapses the data
to a single curve.
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6.3.2Ef fect of N on LER with sinusoidal gui

The effect of sinusoidal guiding layers was studied elsewhere, however, the effect
of changinge was not tested’ It is conceivable that lovs Nsystems would be less
strongly tied to the guiding pattern, and so the waves produced by the underlayer could
damp out more quickly. Conversely, it is also conceivable thatdsylstems may cause
the wa\es introduced in the system to damp out more quickly because the of energy
penalty for increased interfacial area between dissimilar blocks. As shown previously,
sine wave guiding stripes only caused roughness increases for guiding patterns with
relatively high amplitudes (~35% of the line width) and large wavelengths (~double the
pitch). For smaller amplitudes or wavelengths, no persistent roughness increase was
observed. In this work, two different sinusoidal guiding patterns were studied at various
G Nor comparison: a larger the amplitude (3.5 nm) and wavelength (40 nm) worst case
from the earlier study and a weaker sinusoidal guiding pattern at half the amplitude
(2.75 nm) and wavelength (20 nm). The simulations were four domains wide and 160
nm long and were built in the same manner as the straight lines in this work. If the
amplitude of the sine wavis high enough, then it will increase roughness atalN
values, but small amplitudes do not increase roughness, as $égareg6.7A. However
the sine wave strgith does not change the relative effect dibn LER. Normalizing the

data to highs Nyives the results seenkigure6.7B.
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Figure6.7A) 30 LER for sine wave guiding

stripes. A corresponds to the amplitude of the sine wave guiding function,
and WL corresponds to the wavelength of that same function. B) LER
nor mal i zed t o5forsine wave gaitling stiipes=and tkaight
guiding stripes. When A=3.5nm and WL=40 nm, there is a persistent
increase in the roughness through the film. However, this effect is
proportionally the same for al |
normalizel.
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6.3.3.Comparison to other models

Semenov developed a theory that can be used to calculate the roughness of BCP
interfaces>'® The roughness is broken down into two frequency regimes: the high
frequency regme which corresponds to the interfacial width and individual chain
variations, and the low frequency regime which corresponds to thermal fluctuations in the
polymer. The defined boundary between the two regimes is desigpatEde following

equations decribe the theory.

o &)
Y — 6.2
Q...
P2 6.3
v o
VR P& gt 2 U~ a Bk |
Y Y p =T QWAQI QN 6 0E GO i 64
P s A
q C‘Tasy— OeEW QN 6 NE X 6.5
y Y ¢ 6.6

a is the statistical segment lengthis the monomer volumey, is the interfacial tension,
is the high frequency roughness (measured from @)t@ndu is the low frequency

roughness (measured abougg). It is instructive to compare the simulation fésu
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generated here to this theory. In order to analyze the simulation data in this fashion, it
was necessary to calculat@ndv for the polymer potential used in this work. In a lattice
model,a is simply the lattice spacing, but the simulations disetidgere do not have a
lattice, so an effectiva must be determined. Shull predicted the pitch of BCPs as a
function of 6, N, anda for all ranges ofc.?’ By assuming this model, and thatis
constant, we can fit an effectiegefor our model. In this workt was found that a@a of

7.61 A fits best, so thia was used to compare our datanust also be defined for the
simulation results. Sinceis not easily ascertained, tkdound for polystyrene of 0.17

nm® is used Though this is not completely accurate for this simulation model, only an

estimate is necessary for comparison here.

Because the simulation model used in this work combines 4 monomers into a
single bead, the very highest frequency LER and LWR is not captured using such a
model. This makes it difficult to account for only a portion of the high frequency LER.
So,onlythd ow frequency regime of Semenovds the
the model and simulations. Fortunately, the long wavelength, low frequency roughness is
much more i mportant for device performance
low frequerty regime, we needed to eliminate the high frequency contribution to total
LER in our simulation. This was done by resizing the minimum pixel size in the image
t o mat ch Semanovos cut of f for high freqt
wavelengths smallghan the pixel size, i.e. the high frequency roughness. The high/low
frequency cutoff changes as a functioncolNso this must be taken into account when
analyzing the simulation images. The cutoff as a functiomdf r om Semenovds w

found inFigure6.8.
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Figure 6.8 Cutoff between high and low frequency regime from
Semenovds theory.
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When compared with $&enov theory inFigure 6.9 the agreement between the
theory and simulation results are good wikeNs high, but they deviate sharply from one
anotherwhee MM ppr oaches 10.5. SemenovoOsthedovdel wa
G Negion, and as one can see, does not capture the increase in roughness [T lew
cause for the difference is likely an underestimation of the cutoff length, which is the
interfacial thickness. SCFT calculations of interfacial roughnessenh Se menov o s t
(SST) at hi gh 6N, but deviate significant
which high frequency roughness plays a rol
is the necessary cutoff length. Assuming that no high frequenghness is measured is
almost certainly untrue as can be seefRigure6.2. This is probably because Semenov
severely underestimates the length scale of intaxfaci r o u g h n e Bigureza20). | ow 6
Incorporating this interfacial increase may result in a significantly better match between

models.
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Figure 6.9 Simulation LER data plotted Semenov low frequency
roughness theory results at a depth of 7.5 nm, the middle of the film. For
relatively highe N>60) there is good agreement between our results and

Semenov with a gentle increase in LER. However, whéds small, our
simulation predicts a much higher LER.

Patrone and Gallatin also more recently developed a method of calculating LER
using the Leibler Ohta, and Kawasaki (LOK) mod®l.It is an analytical model that
models roughness in the SSR and uses a perturbative approach to give explicit
expressions for interface tension, as well as a stretching energy associated with the
deformation of a polymer at an interface. Using the equations and values given in Patrone
and Gallatin, their method can be compared to the method used in this workabking
= 15 nm,N = 120 monomersa = 0.761 nm,n = 1 interface from guiding line, we
calculate the results of equation (27) from Patrone and Gallatin and plot tHéguie

6.10. Because this model is not designed to handle thesldwegime, it also does not
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capture the sharp increase in roughness beldw~ 100. This model results in better

agreement with our model, but it still under estimates aGldw

4: & Simulation
] Semenov
3 ] “ - = Gallatin et al.
I
rx2{ O
|_|J | (Y
| \ Y
OC?) : S - - : : L 2
1 i
0 . : : . . . T T T T T 1
0 100 N 200 300

Figure6.10 Comparison of calculation from Gallatin et al. model and the
model used in this work. The Gallatin et al. model does not capture the
dependence oa Nor low ¢ Nshowing only a very slight increase atvlo

G Nalues.

6.4.Conclusions

The dependence of polymer block domain interfacial roughness and domain size
variation, as measured using the LER and LWR from aligned BCP lamellar thin film
samples, on the block copolymerNalue was studied using a coarse gedimolecular
dynamics model. It was found that LER and LWR are almost independent&tflarge
G Nvalues greater than approximately 100. Below this value, both LER and LWR
increase sharply with decreasiagNvalues. A similar dependence is found evdrew

using nonidealized guiding patterns that contain -pregrammed roughness (e.qg.
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guiding stripes with sinusoidal width variation). Consequently, when using BCP directed
selfassembly to make integrated circuits, copolymé¥alues will likely have tde kept

well above the ODT if aligned pattern roughness is an important limiting factor. This
will limit the minimum feature size achievable using a given block copolymer to values
much larger than what might considered possible based on-disdeder tansition
considerations only. When compared with previously published models, good agreement
is found for the dependence of BCP pattern LER at highivalues, but these other

previous models do not capture the increase in roughness atfaues.
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CHAPTER 7
FREE ENERGY DIFFERENCE OF PITCH VARIATIO N AND
CALCULATION OF THE O DT USING THERMODYNAM IC

INTEGRATION

Thermodynamic integration and the calculations involved in using
thermodynamic integration in a coaig@inedmolecular dynamics model are explained
was used to measure the energy penalty of
The minimum free energy occurred at a pitch that corresponded to the calculated natural
pitch from scattering calculations. Tlpenalty for pitches lower than the natural pitch
was found to scale with ¢ and the proport
enthalpic driving force and resulting in a universal energy penalty curve. The penalty for
pitches larger than the naairpitch is entropically driven and requires more complex
calculations. The entropic and enthalpic terms must be separated to investigate such
behavior. The ODT was also measured in a manner similar to Miuiller °ebyal.
calculating the free energy in the mixed state and of the demixed Btaténtersection
of these curves is the ODT. The measured ODT depends on the pitch used in the demixed
cal cul ati on. I f the pitch is too | arge, th
measurement was taken as a function of pitch and found toambpthe expected ODT

of 10.5 when smaller pitches were used, thus correcting the work by Miillér et al.
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7.1.Introduction

Self-consistent field theory (SCFT) &igoroven useful in calculating the free
energy of many different states, but it has its limitations. Specifically, SCFT neglects
thermal fluctuations, which are known to be important near phase trarsifithile
SCFT is well suited for equilibrium prope&s$, capturing the dynamic properties of
system is more difficuft. These factors, along with a drastic increase in available
computational power, have led to an increased use of particle based models including
both Monte Carlo based models and molecujaradhics (MD) based modef$.In order
to study polymers, these models must generally be cgaagsged to mitigate the
significant computational requirements due to the required time and lengths present in
polymer systems. While particle based methods naturally include fluctuamohara
often well suited to studying kinetics pathways, accurate calculations of free energy are
more difficult? While SCFT inherently calcules the free energy of the system, particle
based models do not automatically calculate the free energy therefore, if such a
calculation is desired, the system must be systematically perturbed.. One method to do so
in MD models is to use thermodynamic iptation>'® In short, the free energy
difference between two arbitrary states is calculated by defining a reversible
thermodynamic pat between those states and integrating over enseauwbtaged
enthalpy changes along that defined path. These paths need not be realistic paths and can
be defined by imagined potentials or coupling parameters. Two useful examples include
the measurement die orderdisorder transition (ODT) in diblock copolymer melts, and
the measurement of natural repeat distances in lamellae forming diblock copolymers and

these measurements will be demonstrated here. While the ODT can be measured in other
176



ways, a clear ipture of the associated free energies of the mixed and demixed state can
be useful when considering parameters that may modify the ODT such as PDI,
confinement or asymmetry in block interactions. Insight into the exact causes for ODT
perturbation caused ybthe aforementioned parameters could be obtained using
thermodynamic integration that could not be achieved with a simple identification of the

ODT.
7.2. Thermodynamic Integration

The free energy between two states can be calculatéd by

o 1 0.,
YO —, Q0 7.1

1 0
whereu is any parameter that defines a path that is reversible and continuous between
stateA and stateB, H is the Hamiltonian, and the brackets < > denote a thermodynamic
average. The Hamiltonian is composed of the potential energy as described by the

interadions between beads (see Chapter 2), the potential energy of external forcefields,

and a kinetic terni.

7.2

ca 7.3

Here,p is the momentum of a bead amms the mass. Equatiohl can be used to find

the free energy between any two states provided that some reversible and continuous path
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can be envisioned between the two states. An external potential can be used to take a
system from one state to another, or a parameter intertta toodel (such aggor Caa

(See chapter 2)) can be varied, but abrupt changes in state must be avoided so that
reversibility is maintained. Multiple steps can be taken in succession, with different
parameters being varied in each step. Because fregyesea state function, the sum of

the free energy differences of each step is equal to the free energy difference between the

initial state and the final state, as described by Equatibn

This allows multiple parameters to be varied, and more complicated paths between states
to be taken. This work strives to demonstrate some uses opfdtignamic integration by
finding the free energy difference between various pitches for a given BCP, as well as the

effect of pitch on the calculation of the order disorder transition.
7.2.1.Thermodynamic Integration: Pitch Variations

In order to calculate the free energy difference between various pitches, a path
between those pitches, or a path from a one common state to the various pitches is
required. While it may be possible to envision a continuous, reversible, and direct path
from one pitch to another via a change in a set of external potentials, it is much simpler to
execute a path from a disordered state to any arbitrary pitch. Then, knowing the
difference between every state and a disordered state, the ordered states cgaleicom

to each other. To do this, a three branch path is used.
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The overall scheme of this integration is shown in Figure 1. It consists of 3
branches; one where an external potential, which orders the system into lamellae, is
sl owl y t ur n e dsslowlyincreasee, andlore wigere she external potential is
slowly turned off. The overall free energy is the sum of the free energies of each branch
(Equation7.4). The external potential is described by Equatidnand yields a potential

similar in shape to the composition profile of a lamellar BCP, as shofxigume7.2.

75

A'is the strength of the potentialis the position in the x dimensiob|is the pitch, anav
is the width of the interface relative to the pitehwas chosen by fitting the potential to a

compositional profile of spontaneously formed lamellae.

External Potential : Off External Potential : On External Potential : On External Potential : Off
1=0 % =0 %= Desired Value %= Desired Value

>

Simulation Time

Figure 7.1. Schematic of the 3 branch method for calculating the free

energy between the mixed state and demixed state. The first branch

increases the external potential and phase separates the system. The
second branch increases ocrsduringthis | e mor ph
branch. The third branch removes the external potential and achieves the

final state. Each branch is reversible and so the free energy can be

calculated over each of them. The total free energy difference is the sum

of the free energy diffences of each branch.
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Figure 7.2. Compositional profile of simulation results and the external
potential.

In branch 1, the parametérin Equation7.5 is the parameter over which the
system is integrated in equation 1. Since the Hamiltonian consists of the potential and

kinetic energy, & H/ Ulisfegual to< U 4§ U Avhich is Equatiory.6.

7.6

This value is integrated ovérfrom O (the potential is off) to some larger value intended
to be strong enough to produce a desired state in the systefers to the positions of
all the beads in the system and changes in response to the external potehtial as

changed. In thisase, a maximum value of 2.63 fArwas chosen. Other values would
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work as long as the lamellae were clearly form&dvas changed in small increments
(100 steps in all) and the system was allowed to equilibrate at each stéprid20,000
timesteps. Du¢o the noise in the total energy of the system, at each st&paifter the
system energy was no longer changing the final values of the total energy were averaged.
The resulting data was then numerically integrated yielding the free energy difference.
Figure7.3p | ot s t h eUqd A tard the faee eénergytalong branch 1 for the case
of a 16 nm pitch with afN of 120 monomersFigure 7.3 shows that there were two
slopes in the integrand for branch 1. The large initial slope is due to many beads moving
from an initially mixed state to their correct locations (A beads tdAtllemain, and B
beads to the B domain). In other words, this large initial slope is due bulk phase
separation in the system, which is confirmed with visual observation of the system. Once
the initial phase separation is completed, there is a smaller wioiph corresponds to
fewer beads moving to their correct domains. During this second section, the morphology
is essentially formed and the external potential is primarily sharpening the interface. It is
likely that as long as the maximum potential strerigg O ~ 0.5 the r esu
accurate because this is the point at which the integrand begins to flatten. The total
energy of the system at each ste\imust be taken at equilibrium, so each step must be
run slowly enough to allow for equilibriuno te reached. If the equilibration time is too
small, the path will no longer be reversible, introducing error in the calculation. However,
long equilibration times cause the simulations to take far too long to be feasibly run. At
each step in the integran, 320,000 timesteps were used as this was determined to be
sufficient to eliminate no®quilibrium errors, even during the first regimeFigure 7.3

where the iregrand is changing sharply with small changeA.iA fuller examination of
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the effect of equilibration time is found in Chaptetr8cases where the entire simulation
was performed in a mixed state (used to determine the ODT later), no external potential
was used and the free energy calculation consisted only of the calculation shown in

branch 2.

0 ;
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?;: : ntegran
©-10000
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Figure7.3. Plot of the integrand and free energy of the first branch for N =
120 and a pitch of 16 nm as a étion of the external potential strength,

After this first branch of the integration, the BCP has been ordered by the external
potential, but ¢ is stildl 0. I n the second
final value..l n owur model , G IS not a parameter,
parameters. The primary par amelgdahestrergted t o
of the nonbonded potential between unlike beads at their equilibrium distance. The
relationsh p bet wesgmam terdcdl cul at ed aspgcdnescri be:

varied from its starting condition (a 6 of
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in Equation?.1 for this branchy is g, The relevant portion of the Hamiltonian (the only

part containindAg) is the nonbonded 8 interaction, Equatiof.7.

'O - N C ”‘l_ 7.7
<0 H/ 58Uk Wswhich is Equatior?.s.

e ” 7.8
i~ i '

The resulting integrand and free energy is showrigare7.4 for the case of a 16
nm pitch with an N of 120 monomers and an external potential strengtk @63. The
integral is performed fronthg= 0.5 (c==003 (oN = 84.5) .
morphological change along this branch because order was already induced by the
external potenti al. This all owed asmsincehorter
each step resulted in a smaller change in state. In this case, 50 steps were taken to vary
Che. The integrand is fairly linear since morphological change is primarily limited to

interfacial straightening, as Figure7.3 after phase separation had already occurred.
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Figure7.4. Plot of the integrand and free energy of the second branch for

N = 120, an external potential strength= 2.63 kcal/mol, and a pitch of

16 nm as a function of the unlike bead interaction strergth, The

integral is performed fromhg= 0. 5 (BdE =0.03) (tcN = 84. 5) .

The final branch in the integration involves turning the external potential off,
which will essentially repeat branch 1 of this scheme in reverse. The resulting integrand
and free energy is shown kgure 7.5 for the case of a 16 nm pitch with an N of 120
monomers and a GN of 84. 5, i ntegrating fro
value of 0. As with branch 2, there is little morphological change so less steps in the
external potential were requitdo maintain a reversible path, so 50 steps were used.
Because the external potential was parameterized as to match the natural interfacial width
of the BCP (sed-igure 7.2), there is very little change in the integrand as the external
potential is turned off. There is a slight increase in line roughness associated with larger

wavelength roughness that was damped by the external potential, but the effect is small.
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Figure 7.5. Plot of the integrand and free energy of the third branch for N

= 120, GN = 84. 5, and a pitch of 16 n
potential strength. The integral is performed from a valuk ©2.63 toA

=0.

7.2.2.Thermodynamic Integration: Order -Disorder Transition

The orderdisorder transition (ODT) can be calculated using thermodynamic
integration by finding the point where the free energy of the mixed state and the phase
separated state interse@Vhen these two free energy curves intersect, the lowest free
energy states switches from the ordered state to the disordered state or vice versa. The
free energy of the disordered state is easily calculated by performing an integration such
as the onen Branch 2 of the previous section (except with no external potential),
beginning with aAs = 0 N5 0) @ral ending with some low value@g( hi gher & N)
I n this case, the siMNa0andintegnate ttwoulgh an imdreaset mi
i nN tawards the ODT. The resulting free energy is shown by the red lifigune7.6.

This simulation was run using &hof 120 monomers. The dashed line is an extetjmoi
185



in free energy because near the ODT the ordering begins to occur and the disordered
phase is unstable. The free energy of the ordered state requires more work. The
cal cul ation cannot bNeof 0 because theboalerer sthte it hoat e d
stabl e ther e. Nivalue above the O gandrat aaspecifeed pach. This

initial value is the difference in free energy between the mixed state and a specified pitch

and is found using the calculations in the previous section. Next, therfiexgy can be
calcul ated for various valwues of N by in
This calculation was done at a pitch of 20 nm and is showigure7.6 by the blue line.

The dashed line is the extrapolation of this calculation because as the simulation nears the
ODT, the lamellae become unstable. The intersection of the two curves results in a
cal cul ati on No 14.07. hhes w@dkisdalesa tt oc mat ch mean fi el
in order to better compare results with previous work using other modes such as SCFT, as

is used in Milller et i Thismeans hat t he ODT of thNs10Model S
even though our model includes fluctuations that SCFT does not. The cause for the free
energyo6s over estimation of the ODT was th
state when performing thetegration. It is only the free energy of that specified domain

size and the mixed state that is being compared. Therefore, this result means that when

6N is less than 14.07 for this system, the mixed state is preferable over an ordered state
with a pitchof 20 nm. If the pitch at which the ODT was calculated was reduced to the
pitch near t h& at@ie OPT shduld nonvergeits ~105. Miller and
Daoulas performed a similar calculation using a Sk@hainin-MeanField (SCMF)

calculation and ab found that finite size effects in the ordered state produced a higher

t han e Mg just as ave dB.They did not perform calculation at pitches neaer
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natural pitch at the ODT, and so they could not account for this finite size effect. This
wor k wi || account f o rNoptt ab @atiousepitches sa thatatimed ¢ a |
dependence of pi tNehi sonf otuhned cadshfcantiendetindtdr uce G
This is a correction of the work done by Miiller ef @nd can be extended to other

systems or models .

0.7 1
0.6 A
05| ©Nor=1407
20.4 - — Mixed to
] , oDT
2 0.3 - g
B ,;" — Phase
0.2 4 Separated
t DT
01/ / 00
0 T T T 1
0 25 50 75 100

G N

Figure7.6. Pl ot of free energy compared to t

l' ine corresponds to the free energy as
to Ilarge 66N in the mixed state. The bl u
calculated from thephase separated state (determined the three branch

calculation described before) to | ow 6N

extrapolation of the two lines is shown in dashed lines. The intersection of
these lines corresponds to the calculated ODT.
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7.3.ResUts and Discussion

7.3.1.Free Energy of Extension or Compression

The free energy difference between the ordered and disordered states of various
pitches at vari ougdigwe7yvysaH awves avdvaluespditcaifl ad e d
constant degree of pol ymerization of 120
free energy ©pitch at a g iLy efnthat@dymer.atliisue i s
obser ved incleasds tha satural Igitch incredSemd so the minimum in our
calculation shifts to higher pitches. As a comparison, and to verify our calculations, the
natural pitch was also measured directly by calculating the structure factor from the radial
pardstri bution function using a simulation
as described in Chapter 2. These simulations were run in 4%nadip cubes at 500K
for 100ns.Figure7.8 compares the directly measured natural pitch and the minimum free
energy pitch as calculated by thermodynamic integration and great agreement across a

wi de r &Nmsfoend.of ¢
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Figure7.7. Difference in free energy between the final state and a mixed
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Figure 7.8. Comparison of measured natural pitch using the scattering
method described in Chapter 2 and the thermodynamic integration method
used here. Excellent agreement is found.
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It is also found that the free energy difference between the mixed state and the
phase separ at edNisntcarteea siensc N(@pmsearehigigshupein 6
Figure7.7). This makes sense because the free energy difference between the mixed state
and the phase separated state is calculated betweentdi f f er ent 6 val ue:
|l oss of potenti al ener gy (ais desedsed sp thatthe r e a s
interaction between unlike beads is less favorable. This change results in less cohesive
energy and a smaller enthalpy, yieldingmaaller free energy in the phase separated state.

The value of most importance is perhaps not the shift in the curves away from zero, but in
the difference between free energies at d
flattening of the free eneygcurve representing a smaller penalty for forming a pitch

other thanLo. For pitches smaller thabhp ¢ det er mi nes the -Benalty
i nteractions that occur because of the sn
smaller penalty for inceesed interface, accounting for the flattening of the curve. This

can be seen more demonstrated more clearly by performing two normalizations on the

data inFigure7.7.. The first normalization shifts the difference in free energy such that

the difference in free energy at the natur
normali zes by ¢ for each pol ymer. The seco
data ly the natural pitch of the polymekd) resulting in an »axis proportional to the

percent change in the pitch. This change in the pitch is inversely proportional teBthe A
interfacial area. If the pitchL] is half of Ly (L/Lo = 0.5) then there is twicas much

interfacial area in that system than in a system where L is equal bhe enthalpic

penalty for this increased interfacial area, neglecting any stresses due to compressed

chains, i's proportional to 6 jedantddemisedt he e
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state is proportional t o 6 -B mteractiogseattbe i s t
interface. These two normalizations result in a universal curve for pitches lowergthan L

as seen irFigure 7.9. For pitches aboveglit is entropy that increases the free energy
because the reduction in interfacial area would only result in a larger enthalpic term. The
form for this is more complicated and so slo®t result in a universal curve kigure

7.9. Further work may vyield the exact nature of the entropic increase at pitches larger

than L.
=12 N
21 ] ¢84.5M56.2424014.8
o A 1
2 0.8
{ o
; 0.6 . °
o
0.4 1 u
] y
LL N R
80.2 - o d
. o oqu
0 . —olgml—
0.25 0.75 1.25 1.75
L/L ,
Figure 7.9. Free energy penalty normalized b
L/Lo.

7.3.2.0DT Calculation and the Effect of Pitch

The ODT can be calculated by calculating the free energy of the system through
6N for a mi x e chisesdpardted staten Tthe iftersectian of phbse two curves

(seeFigure 7.6) I's the estimated ODT since below
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free energy while above hi s 6N the phase separated st at
phase separated state using in this estimation must be at a set repeat distance, and so the
comparison is being made between a mixed state and a phase separated state at that
particular repeadlistance. When this set repeat distance is very different from the natural
repeat distance close to the ODT, then the intersection between the mixed state free
energy curve and the phase separated state free energy curve mestiovate the ODT

as shownn Figure7.10. Figure7.10pl ot s t he free energm as a
pitch, 26 nm pitch and for the mixed state (which is independent of pitch). The
intersection of the 26 nm pitch with the |
than the 20 nm pitch. The curve also cut off right before the intersection with ted mix

state curve because they will spontaneously start to mix during the free energy
calculation, thus the need for the short extrapolation. Because the 26 nm pitch is far away
from the natur al N=tGk5htherOBRis founchaea largdrsirce OD T (
it is preferable for the system to mix at
pitch. For an accurate measure of the ODT, the pitch used for the phase separated case

needs to be as close to the equilibrium pitch right above the Opdsasble.
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Figure7.10. Free energy compared to the mixe

ODT curve is identical to that shown Figure 7.6. The other curves

correspond to free energy calculation in the phase separated state at 26 and
20 nm pitches .

In order to account for the change effect of the pitch, the phase separated state
was simulated at various pitches and the estimate of the ODT at each pitch was found.
These results are shownhigure7.11 for a polymer with a degree of polymerization of
N = 120 and a volume fraction of 50% A beads. When simulated at large pitches, the
ODT is found atN Lowe pitehesi asyenptgte tdn apgroximately the
expected value of 10.5. This corrects the previous work by Miiller &twadich only

calculated the ODT at a single pitch and therefore overestimated the ODT.
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Figure7.11.  gp7ids a function of pitch for N = 120.

7.4.Conclusions

Thermodynamic integration was used to measure the energy penalty of altering
the pitch of polymers with ccarredaamichthdt. The
corresponded to the calculated natural pitch from scattering calculations. The penalty for
pitches | ower than the natur al pitch was
decrease in pitch, indicating a purely enthalpic drivilige and resulting in a universal
energy penalty curve. The penalty for pitches larger than the natural pitch is entropically
driven and requires more complex calculations. The entropic and enthalpic terms must be
separated to investigate such behavidre ODT was also measured in a manner similar
to Mller et al® by calculating the free energy in the mixed state and of the demixed
state. The irgrsection of these curves is the ODT. The measured ODT depends on the

pitch used in the demixed calculation. | f
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will be over estimated. The measurement was taken as a function of pitch and found to
approach th expected ODT of 10.5 when smaller pitches were used, thus correcting the

work by Miiller et af
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CHAPTER 8
FREE ENERGY OF DEFECTS USING THERMODYNAMIC

INTEGRATION

Directed seHassembly of block copolymers (BCPSs) is a process that has received
great interest in the field of namoanufacturing in the past decade, and great strides
towards forming high quality aligned patterns havenbesade. But state of the art
methods still yield defeaensitiesorders of magnitude higher than is necessary in-semi
conductor fabrication. Equilibriumedect density can be measured if the free energy
difference between a defective and a defect frae g&nown. The defect free energy of
a dislocation pair or jog defect, one of the most common defect found IFDEB2R is
calculated via thermodynamic integration using a coarse grained molecular dynamics
model as a function afandN. It is found that Ns not the best predictor of defect free
energy and that a singte Nvalue can yield vastly different free energies wiseand N
are different (though their product is identical). This means that h@ghetems that are
being produced to allow for satier feature size DSA will likely have a lower equilibrium
intrinsic defect density. Measurements of defect densities are reasonable for-the oft
studied PESPMMA. Defect free energies were measured as a function of defect placement
relative to the underl&y and as a function of background composition. The effect of
background composition was unclear but the defect free energy was highly dependent on
defect location relative to the underlayer. Free energy differences ~ 100 kT were found
between the three psible defect locations on a3lguiding pattern. The effect of PDI on

defect free energy was also studied. It was found that PDI significantly reduced defect

197



free energy. Extrapolating form PDI up to 1.5 suggests that the defect will occur in equal
propotions with a PDI of around 1.6 for this system. It was found that long chains tended

to concentrate near the defect and stabilize the defect.

8.1.Introduction

Directed seHassembly (DSA) of block copolymers (BCPs) is a promising
technique for producing st@) nm pitch regular patterns because of both the propensity
for BCPs to phase separate at relevant length scales and the ability to guide such patterns
into long range order using lithographically derived templating ldyeBsth topological
and chemicapatterns in underlayers can be used to organize the phase separated BCPs
into specific pattern> Processing techniques for DSA of BCPs are becoming more and
more effective at producing useful patterns for nanofabrication, but many hurdles must
still be overcome to achieve low defect aligned patterns for-eenductor fabrication.
Defects are stillampant in many demonstrated process flows, and though understanding
is increasing as to the fundamental causes of these defects, there is still a long way to go
towards a complete understandfffgPrevious studies have calculated the free energy of
defects in laterally confined systefasind in chemically aligned systems as a function of
guiding linewidtH, but there are still a great many factors involved in defect formation

that are not yet well understood.

The development of these DSA techniques could benefit greatly from computer
simulation of such methodssgecially in the area of defect modeling because of the
difficulty of differentiating intrinsic BCP defects from faulty guiding patterns, particle or

contamination influences, or other defect modes beyond thermodynamically or
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kinetically trapped microphasseparation defects. Simulations can more easily identify
the causes of defects and calculate the free energy of defects to yield defect density
estimates. Unlike other models, molecular dynamics (MD) combined with realistic
potentials for polymer behar can potentially provide more accurate simulations of the
inherent polymer behavior, dynamics, and equilibrium states in microphase separated
block copolymers without a need to guess modes of molecular movement, as in Monte
Carlo (MC) methods, and witlut oversimplifying interatomic interactions, as in self

consistent field theory (SCFT).

Through the use of thermodynamic integration, MD simulations allows for
calculation of free energy differences between various states, provided a reversible path
can be envisioned between them. Using this technique, various equilibrium and
metastable states can be compared. Defect free energies (which relate exponentially to
defect densiti€$ can be calculated as functions of polymer and underlayer properties.
Defectivity is one of the primary hurdles for implementation of HTFA into
semiconductor fabrication and defect free energies are critical to guide defectivity
reduction via processing and patterning techniques. Free energy as a function of system
properties like pitch, and polymer parameters can also be calculated. These calculations
can provide insight into ideal and practical best case scenarios for both polymer
properties and system guiding properties, whereas vast number of experiments would

have to be run to achieve the same conclusions.

The defect chosen for study in this work is one of the most common intrinsic BCP

defects (a defect not caused by poor processing conditions, such as particle defects).
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These defects are frequently seen both in experimental data and in our own sinfulations
19 This defect, called a dislocation pair or a jog defect, is represenfégLire8.1. They
will often come with various spacings between the defect pair, but for the purpose of this

paper, a dislocation pair separated by a single tilted lamellae will be studied.

Figure8.1. Top down image of the defect type studied in this paper. This
is a common defect found in literat &

While such defects occur for various pattern types and various polymers, a good
understanding of how these patterns and polymer properties actually affect defect density

is lacking. The defect density has been found to be described by:

w0
3 &) 'chr‘];Eb 81

where pFis the free energy between the defective state and the defect freek ssate,
bol t zmannos Tcsothestenperature® ¥ nBecause of the exponential
dependence of defect levels on the defect free ermprigyacarate estimations of this

parameter are critical to understanding anticipated defect levels in DSA processes.
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8.2.Model and Methods

8.2.1.Thermodynamic Integration

A method similar to DePablo and coworKeasd Mueller and coworkefswas
used here. The free energy difference between two states can be calculated by the

equation:

Y'Oo 1_"990

1 0 82

H is the Hamiltonian of our model is any parameter that can define a continuous,
thermodynamically reversible path between state A and Btatnd the bracket§ O

denote a thermodynamic average, that is the average value at equilibriugtat€sethat

were compared were a dislocation pair or jog defeéigufe8.1) and a defect free ordered

lamellae state. In order to compare these states, two simulations weaneuftom a

mixed state to a defect free lamellae state, which yields the free energy between the
mi xed state and tphe®recluied), @ tanother sinulaton feotna ( F

mixed state to a defective state, which yields the free ertetgyeen a mixed state and a

defecti VD@ect—lﬁix&d)amem: ( pF

Cp E)efect— Defect Free— gafEct— Mixed | q) l_Defect Free Mixed 8.3

Instead of trying to define a reversible, continuous path between a well aligned lamellar
state and a defect free state, it is easier for our model to use two different paths, i.e. a path

from a mixed state to a lamellar state and a path from a mixedstatdefective state.
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Figure 8.2. Schematic of the method used to calculate the defect free

energy. Two simulations are run: one from the mixed to the defective

state, and one from the mixed to the defree state. Each of these

simulations vyields the free energy difference between the mixed state and

the corresponding final state. The difference between the free energies
calculated in each simulation is the free energy difference between the

defect andhe defect free state. Each simulation contains three branches

over which a free energy difference is calculated. The first branch orders

the system from the mixed state using an external potential, the second
changes 6, and t healpoténiak d t urns off t he

Bot hperedPhmixed@ N d petéifreei Mixed WEre calculated using three branches of
the MD simulation. The first branch is used to order the mixed polymers into the desired
morphology. This was done using an external potential whicgrasain energy to beads
based on their type and position within the simulation. In the case of the defect free state,

the external potential energy was described by:
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Q
0]
Udef- free = A* tanwg
5

84

whereA is the strength of the potentialjs the position in the x axis of the beadis the

width of the interface of the potential, ahds the repeat distance of the potential. The

defect potential is created using the same equation, except the cetiter isaotated 45

degrees as shown igure8.3 and Equation$.1 through9.3.

8Ujn - 0.75L9 <x<0.75L¢
U def :i - 0.5L0 <y< O.5Lo
HU out otherwise

& 3 - ysi 08
QO%Z,D[XCOS@/@ ysin(p/4)] gg
Uin = Atanf’g ¢ LO _8
& 2p Q
% 0
g -

a4  82ox00

ozt 0

® ¢l =0

Uout = Atanhae—g—q

e 2P Q

& 9

g -

85

8.6

87

This produces the dislocation pair defect found in both our simulations and in published

experimental results. The integral from Equadhwas carried out where theversible

path (1) is defined by changes in the strength of the external poteftidhis integral,

whi c h yifrem Figsre8@ s shown in Equation8.8 and 8.9 for the defect free

case.
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where Anaxis 2.6. The defective case is identical except thati®)substituted for Lkt

frees

The integral was evaluated by numerically increaging 100 even steps from 0
to Amax Which in this case was 2.6. At each step, an MD simulation is run at the new
value of A until the simulation has equilibrated, and the average value at equilibrium is
taken and used in integrating Equati@®f. In order to determine the amount of time
required to run the simulation at each step in the ramp Apmiltiple simulations were
run for various lengths and the free energy integration was performed, as is shown in
Figure 8.4. Short times showed significant deviatofrom the results at long times,
because a short integration time does not allow the system sufficient time to equilibrate,
making the path irreversible. At long times the simulations are able to reach equilibrium
at each step, and therefore the patlev@rsible and the measured free energy approaches
a constant value. A value of 320,000 timesteps per st@&pwas found to be sufficient
and therefore was chosen to be used for the remainder of the pdgigurkB.4 initially
the value of the integrand is close to zero while the system is not well ordered. As the
system phase separates due to the increasing strength of the external potential, the value

of the integand begins to approach a constant vatigure 8.4 shows a sharp bend At
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~ 0.4. At this point the system is mostly already phase separated, and the remainder of the

simulation primarily consists of decreasing the interfacial roughness of the BCP.

Figure 8.3 External potential used to make defect in branch 1 of the
thermodynamic integration simulation. The potential is the same as the
well aligned lamellae, except that a region in the centér b 0.79.¢ is
rotated 45 degrees. This rotation gives a goottinmag to spontaneously
formed dislocation pair defects and is easily formed. The B potential is
the negative of the A potential.

A Favoring

B Favoring

0 -
Timesteps per
stepin A
B -0.2-
8 10,000
8 04 50,000
< i —— 200,000
bl
-0.6 —— 320,000
= —— 2,000,000
©
3 -0.8 |
'1 T T T T 1
0 1 2 3
A (kcal/mol)

Figure8.4. Plot of the Integrand of Equati@® as A is increased. As the
number of timesteps per step in A is increased, the curves converge. A
value of 320,000 was used to ensure accuracy amsdrrable simulation

times.
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Once the BCP has been ordered in the first branch of the simutafwhich was
initially kept at zero during the first branch by settlilg= Cha = Gsg) must be increased.
The starting condition had a 6 of 0 so tha
well-defined, well mixed state. In our models controlled by changing onliks, soks-
was varied from 0.5 kaluae Was desited, §llowing theOdgfect o wh
free energy to be cal cuBawa®tden iategrad wheven ct i o n

is now g, resulting in Equatios.10. Thi s rodéreanFlgare8.2.i n o@F

3 8.10

YO ' — ¢/ - 811

UnNonbonded | S used becaus &g aad thesnomorted rpgtential isvthea
portion of the Haappears. Bhe vallés rians whhe hw &1 ue ¢
that yields the desired o. UF=0i5swhichpil eled svi ¢ |
= 0. The number of timesteps per stefijigwas varied and the integrand measured as for

branch 1. The results are found Rkigure 8.5. In this case, evewery low numbers of

ti mest eps aieldthesame pesuit as velly long runs. This is because there is

little to no overall morphological change in this branch as there was in branch 1. This

o

integration was done in 50 steps and run for 40,000 psf ea c hag.St ep i n U
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Figure 8.5 Plot of the Integrand of Equatior&10 and 8.11 as (g is
increased. All values of timesteps per stephgyield the same integrand.

The third and final branch of each simulation gradually turns off the external
potential. Equatior8.2 was then integrated wheteis A as A decreases from 2.6 to 0.

This is described in Equatid@l2.

812

This is the same as Equati8® except that the integration limits have been switched.
The same analysis as was don€igure8.4 is performed, the results of which are shown
in Figure8.6. The integrand of Equatio®i12 was calculated as a function AfasA was
decreased for various numbers of timesteps per stép ery low values of timesteps
per step in A show significant deviations, but values of @#&nd greater all produce the

same integrand. This makes sense because the amount of morphological change is in
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between that of the first and second branches. The first branch was changed from a mixed
state to a clear ordered state while the second brard#rwent almost no morphological
change as 6 was increased. This third bran
G Is kept high, undergoes some minor mor ph
the external potential are fixed. This intaon was done in 50 steps and run for 40,000

ps for each step in A.

-0.85 H

-0.9 A

Timesteps per step in A
5,000
10,000
-1 1 20,000
40,000
= 300,000
-105564—m—m————————————
3 2 1 0
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UU gerrrec/UA per bead
o
O
()]

Figure 8.6. Plot of the Integrand of Equatio®il2 as A is decreased.
Values of 20,000 timesteps per step in A and higher yielded the same
integrand.

The free energies of each of these branches for both the mixed to defect and
mixed to defect free simulations were calcelat . ;, B F sp@EFe summed together to

yield cpE)efect—Mixed and Defé§ Freé' Mixed &S in Equati0|8-3-
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8.3.Results and Discussion

8.3.1.Free energy of dislocation pair defects

In order to decide upon a simulation size for determining the free energy of
dislocation pairs, various simulation sizes wemaulated and the free energies were
calculated. Box sizes in the x direction, the dimension perpendicular to the aligned
lamellae, were restricted to multiples aftb preserve periodicity and commensurability
with the natural pitch of the block copolgmlamellae. Whenever this dimension dropped
to 3Ly or less, then the defect became severely distorted and free energy could not be
calculated. Similar distortions occurred when the y dimension drops to very low
dimensions. Once the dimensions of thequid box were greater than or equal t@ 5L
the x dimension and 3Lin the y dimension, there did not seem to be a dependence of
defect free energy on simulation area as showkigare8.7. This is very similar to box

sizes required in the work of Nagpal and coworKers.
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Figure 8.7. Free energy of dislocation pair defect as a function of
simulation size. Smaller simulation sizes resulted in deformed defledts
made it impossible to calculate defect free energy. As long as the box size
was at least 5.by 3L, (area = 2160 nf), the defect free energy did not
seem to differ greatly.

In order to determine the effectdifand ¢ on t he free energy
fully periodic simulations were run with box dimensions ofy By 3Ly in x and y
dimensiorby 15 nm in the film depth dimensiong Hdimensions varied from ~8.3 nm to
~23.1 nm (because of variationsNhandg). N was varied from 64 monomers to 192
monomers at various values. The results are plotted as a functios ®fn Figure 8.8.
Defect free energy is usually inviggtted and reported as a functioncofNas is done by
Takahashi and coworkefddowever, as can be seen in this work, when bb#ndc are
varied the defectrée energies do not fall onto a single curve as a functienidbut in
fact show great disparities in defect free
pl otted as a function of GFig(re89, ¢he datasegmmse ad o

to coll apse and be better delscribed by a ¢
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Linear extrapolations of the data kigure 8.8 yields intercepts (where the free
energy of the defect amMd2thelleotthedatamsfirlyst at e
noi sy. Il n addition, val ue owfe &N GiNn otfhi2s0 ,w
because defects very near the ODT had a tendency to very quickly heal themselves

because of the very small barriers to defect heafiffy.

I n order to produce smaller features, h
Suchmatea | s wi | | l' i kely operate at similar GN
similar N valwue but with a |l ower N and a

and intrinsic defects will decrease. This means that future generations of DSAeil lik

suffer from fewer defect problems for similar quality underlayers. Comparing the
calculations here to defect densities for a known BCP may be useful. Processes using
polystyreneb-poly(methyl methacrylate) (R&PMMA), the most commonly studied

BCP, hae obtained defect densities on the order of 1 defeét'triExtrapolating a fit to

the data infFigure89t 0 a 6 value of 0. 04bPVMEADad xi mat e
using Equatior8.1, a defect density of ~ 0.001 defects pef ismobtained. However, this
calculation does not account for imperfect guiding layers or imperfe&sB6oth of

which will decrease defect free energy and increase defectivity, both of which can
increase defect density by orders of magnitudecounting for imperfect guiding layers

and polymer and given state of the art achieved defect densities, and the noise in this
data, this intrinsic defect density of #BIMA seems reasonableBecause the
dependence of defect density on free energ

therefore in defect free energy results in defect densities that are essentially zero.
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The above results are obtained using periodic simulations so that the results are
independent of guiding pattern. In order to explore the effect of guiding lagyetsfect
free energy, thin film simulations were run. The effect of defect placement relative to the
guiding pattern and the composition of the background region in the guiding pattern was
measured. An underlayer with 2x density multiplication, or a @t@nning stripe width
to background region width of 1:3 was used. These underlayers are composed of a
pinning stripe that is preferential to one block and isL@Wide and a background region
that is 1.5L wide. The LiNe process uses a similar patfeFhe dislocation pair defect
can occur at three places on such an underlayer as shaiguire 8.10. ThAN 1
defect is centered e3nBot hdee fpeicitnihnags stthrei ppei.n
edge of the defect. The pinning line is shown under the left side of the defagune
8.10, but because the defect is symmetric this is identical to putting the stripe under the
right side of3Chedafed @tct ha s ht hnéitd pothsides ng st
of the defect but not directly under the defect. Though the pinning stripes change from
the B block to the A block to the B block irigure 8.10, the A and B blocks are
energetically identical so it is merely an expedient to keep the defect unchanged and
centered in the simulation volume. Defect free energies were calculated on these
underlayers through various background compositions and the reseltshawn in

Figure8.11forN= 6 M= 30,@nd a film thickness obL
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Guiding Pattern

Figure8.10. Image of the three possildiefect locations on a3 guiding
pattern.

The defect location relative to the pinning stripes makes a significant difference in
the measured free energy. When the pinning
3A0 l ocation), t is dighést, Blewee Iy ¢he giyningostripeabkingy
under one si deBof I[totatdemhéctandinX i nally pi
the de3€atl|l ¢ddidti on) . This effect can be ex
the pinning stripe is influemcn g . F@rAot teasf®l the pinning st
with one line (the line above it) and indirectly with the two adjacent lines. On the other
hand, wBBiol estil | directly interacts with ol
one adjaent line which decreases the influence of the pinning stripe on the defect free
energy. -BCaadbgs dndbdt directly influence an
but indirectly influences two adjacent lines, which further lowers the free enétbg o
defect. The effect of background region composition on the free energy is unclear.
Different defect types appear to show different dependences but the cause is unclear.
There is perhaps a subtle effect of background region composition, howeves this i
hidden it what appears to be fairly noisy measurements. Regardless, the large differences
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in free energy as a function of defect placement relative to the underlayer ( ~ 100 kT ) on
average means that the vast majority of defects will occur betweemmgnnis t r-i pes (
3Co0) and not over top of them, though it a
edge over the -3pBonniinrg spgpri@ei albille number s
compositions. At every background composition the defect have vwgey feenalties to

form directly oveB3Adhe Iptinsahogl dtal pe I é&1;
simulations have defect free energies less than half that of their periodic simulation
counterparts (Comparkigure 8.11 with N = 6 4 Na=n3b ind-igure 8.8). The
appearance of the fiklanderlayer interface and the fidwacwm interface play an

important role in defect free energy. This may also mean that film thickness plays an

important role in defect free energy, but more study is necessary.

300 4==-4" o#ee 1-3A
—a—1-3B
200 ——A=1-3C

0 10 20 30 40 50
Background Composition
(%unlike pinning stripe)

Figure8.11. Defect free energgs a function of background compaosition

and defect |l ocation relative to the und
film thickness of .
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All simulations to this point were run with a PDI of 1, but in practice all BCPs
have some polydispersity. While itéxpected that PDI can increase the defectivity of a
BCP film, this effect has not been explored. Therefore, the effect that PDI had on defect
free energy was measur3eBdd. tSyipneu |uantd eornlsa yuesri n
various PDI using a Wesslalistribution with chains randomly dispersed through the
simulation. Each chain was forced to have a volume fraction of 50% A and B. The
resulting defect free energies are showhkigure8.12. There is a significant reduction in
free energy with increasing PDI, to the extent that the defect free energy may approach or
cross 0 i f PDI were increased further, i mp
more likey ( F < 0) than the defect free state
PDI values (PDI = 1.1 or 1.2) the drop is still significant. At A PDI of 1.2 the defect free
energy has dropped almost 40% and would correspond to an orders of magnitude

increasan defect density.

500 -
400 !}' ooooo "
=300 -
X i
5200 -

100 - e

0

1 11 12 13 14 15
PDI

Figure8.12. Defect free energy as a function
35. The ABO0 defect | ocati on was used.
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Two factors have been neglected that should be discussed: 1) The oéffect
variation in volume fraction on each chain has been neglected and may contribute
significantly to defect free energy and 2) the distribution of long and short chains is
throughout the simulation volume is somewhat restricted. The effect of volumerracti
variation is unclear, but it likely that such variations would likely only serve to further
decrease the defect free energy. Variations in volume fraction have been shown to occur
at bends in lamellae, and a similar effect may serve to stabilize liisesech as is found
in this defect and thus stabilize the defécthe external potential restricts almost all
movement between lines so that chains are restricted to their original lines. They can
move along an interface easily, but moving across anfaceerwould be a very rare
event. If the concentration of one length of chain is different near the defect as compared
to far away from the defect, this concentration will not be properly sampled. However, in
order for that effect to be important it musivier free energy, so the calculated free
energy can be viewed as a maximum. This means that the values calculgigaien
8.12 are likely over estimates of the traefect free energy, and the true free energy
difference may be even less than shown HEnere is reason to believe that long chains
congregate to the defect center and help stabilize the dé&figetre 8.13 shows a
representative image diie distribution of long (N > ) and short (N < X) chains for
the PDI = 1.5 simulation frorfigure8.12. The longer chains seem to concentrate at the
center of the defect. However, the method used to calculate free energy here prevents any
movement across interfacial boundaries. The external potential inhibits all such motion
that each line has the sametdlmition of chain length. If this restriction were removed

then it is possible that more long chains would concentrate at the defect and further
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stabilize it. While this restriction cannot be directly removed, the initial distribution of
chains can be mgulated. Two extra cases were studied: one where long chains (N >
Xn) were initially placed preferentially in the rectangular region containing the defective
structure, and one where long chains where initially place outside that same rectangular
region. The region is defined ifrigure 8.14. The other chains are randomly distributed
throughout the simulation. This does create a density gradient, but a running a short
simulation in the mixed state before starting calculation eliminates this. This will create
two cases, one where the long chains are more concentrated around the defect, and one

where they are less concentrated.

PDI=15
. = Long chains . = Short chains

Figure8.13. Di stribution of chain | engths f
35. The long chains tend to congregate near the defect.
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Figure 8.14. Image of locations where long chains (N ) Xvere built.
When initialized near the defect they are placed within the red rectangle.
When initialized away from the defect they are placed within the yellow
region outside the red rectangle.

Figure8.15 shows the defect free energies of the two cases where the distribution
of chains lengths was manipulated alongside the resultsRigune8.12. The results are
close to expected. The simulations where large chains were built away from the defect
resulted in generally higher defect free energies while the simulations that concentrated
large chains near ¢éhdefect resulted in defect free energies similar to or less than the
randomly place large chain simulations. Thus, large chains near the defect seem to be
stabilizing the defect resulting in near O defect free energies as PDI approaches 1.5 for
thispartt ul ar case. How this affects simulati or
guestion to answer as root causes for defectivity in -BSR are still not fully
understood. A more systematic study of the effect of the congregation of long chains near
thedefect and of the effect of volume fraction variation in a polydisperse system are also

warranted.
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Figure 8.15. Defect free energy as a function of PDI and long chain
placement. When the long chains araced near the defect the defect free
energy is equal to or lower than the simulations where they were randomly
placed. When the chains are placed far away from the defect, defect free
energy is generally higher.

8.4.Conclusions

The defect free energy of a dislocation pair or jog defect is calculated via
thermodynamic integration using a coarse grained molecular dynamics model as a
function ofcandN. It is found that Ns not the best predictor of defect free energy and
that asinglec Nalue can yield vastly different free energies wieamdN are different
(though their product is identical). This means that higheystems that are being
produced to allow for smaller feature size DSA will likely have a lower equilibrium
intrinsic defect density. Measurements of defect densities are reasonable for-the oft
studied PSPMMA. Defect free energies were measured as a function of defect placement

relative to the underlayer and as a function of background composition. The effect of
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background composition was unclear but the defect free energy was highly dependent on
defect location relative to the underlayer. Free energy differences ~ 100 kT were found

between the three possible defect locations o183 @uiding pattern. The effect DI on

defect free energy was also studied. It was found that PDI significantly reduced defect

free energy. Extrapolating form PDI up to 1.5 suggests that the defect will occur in equal

proportions with a PDI of around 1.6 for this system. It was fobatlong chains tended

to concentrate near the defect and stabilize the defect.

8.5.References

1 Stoykovich, M. P.; Nealey, P. F. "Block copolymers and conventional lithography"
Materials Today 2006, 9, 20.

2Hawker , C. J . ; Russel thodr a@Phy:fiBMdédpdki nCoipl
wi t h -DioTwonpd Pr ocesseso MRS Bulletin 2005,

3 Liu, C. C.; Nealey, P. F.; Raub, A. K.; Hakeem, P. J.; Brueck, S. R. J.; Han, E,;

Gopalan, P. " Integration of block copolymer directed assembly with 193
immersion lithogaphy" Journal of Vacuum Science and Technology B 2010, 28,
C6B30.

4 Kim, J.; Yin, J.; Cao, Y.; Her, Y.; Peterman, C.; Wu, H.; Shan, J.; Tsutsumi, T.; Lin, G.
" Toward highperformance quality meeting IC device manufacturing
requirements with AZ SMARTTM D& process” Proc. SPIE 2015, 9423,
94230R.

5 Kasahara, Y.; Seino, Y.; Kobayashi, K.; Kanai, H.; Sato, H.; Kubota, H.; Tobana, T.;
Minegishi, S.; Miyagi, K.; Kihara, N.; Kodera, K.; Shiraishi, M.; Kawamonzen,
Y.; Nomura, S.; Azuma, T. " RIE challenges forbslb nm lineandspace
patterning using directed selssembly lithography with coordinated line epitaxy
(COOL) process" Proc. SPIE 2015, 9428, 94280S.

6 Takahashi, H.; Laachi, N.; Delaney, K. T.; HurN&; Weinheimer, C. J.; Shykind, D.;
Fredrickson, GH. "Defectivity in Laterally Confined LameH&orming Diblock
Copolymers: Thermodynamic and Kinetic Aspects” Macromolecules 2012, 45,
6253.

221



7 Nagpal, U.; Muller, M.; Nealey, P. F.; de Pablo, J. J. "Free Energy of Defects in
Ordered Assemblies of Block @olymer Domains," ACS Macro Letters 2012, 1,
418422.

8 Laachi, N.; Takahashi, H.; Delaney, K. T.; Hur;N&; Shykind, D.; Weinheimer, C.;
Fredrickson, G. H. "Self Consistent Field Theory of Directed-&s#fembly in
Laterally Confined LamellaBorming Dblock Copolymers,” Proceedings of
SPIE 2012, 8323, 83230K.

9 Bencher, C.; Yi, H.; Zhou, J.; Cai, M.; Smith, J.; Miao, L.; Montal, O.; Blitshtein, S.;
Lavi, A.; Dotan, K.; Dai, H.; Cheng, J. Y.; Sanders, D. P.; Tjio , M.; Holmes, S.
"Directed selfassemblydefectivity assessment. Part 11," Proc. SPIE 2012,8323,
83230N.

10 Millward, D. B.; Lugani, G. S.; Light, S. L.; Niroomand, A.; Hustad, P. D.; Trefonas,
P.; Quach, D.; Ginzburg, V. V. " Graphoepitaxial and chemoepitaxial methods for
creating linespace pa#irns at 33nm pitch: comparison to a HVM process" Proc.
SPIE 2015, 9423, 942304.

11Toner , J . ; Nel son, D. R. -Bé®amkaderiictwo ¢ h ol €
di mensions, 0 Phys. Rev. B 1981, 23, 316

12 Hammond, M. R.; Cochran, E.; Fredrickson, G. Hramer, E. J., "Temperature
dependence of order,disorder, and defects in laterally confined diblock copolymer
cylinder monolayers" Macromolecules 2005, 38, 6575.

13 Mdller, M; Daoulas, K. C. "Calculating the free energy of-sai$embled structures by
thermalynamic integration," J. Chem. Phys. 2008, 128, 024903.

14 Li, W.; Nealey, P. F.; de Pablo, J. J.; Muller, M. "Defect Removal in the Course of
Directed SeHAssembly is Facilitated in the Vicinity of the Oreersorder
Transition" Physical Review Letters P4, 113, 168301.

15 Peters, A. J.; Lawson, R. A.; Nation, B. D.; Ludovice, P. J.; Henderson, C. L. "
Coarsegrained molecular dynamics modeling of the kinetics of lamellar BCP
defect annealing" (Submitted 2015)

16B. T., Lee, Y., Look, L. V., Cao, Y., Her,.YLin, G., Harukawa, R., Nagaswami, V.,
D'Urzo, L., Somervell, M. and Nealey, P., " Defect reduction and defect stability
in IMEC's 14nm hakpitch chemeepitaxy DSA flow," Proc. SPIE 9049, 904905
(2014).

222



17 Zhao, Y.; Sivaniah, E.; Hashimoto, T. " SAXS Ayms of the OrdeDisorder
Transition and the Interaction Parameter of Polystytdoek-poly(methyl
methacrylate)" Macromolecules 2008, 41, 9948, 9951.

18 Stoykovich, M. P.; Miller, M.; Kim, S. O.; Solak, H. H.; Edwards, E. W.; de Pabilo,
J.J.; Nealey, PF. " Directed Assembly of Block Copolymer Blends into
Nonregular Devicériented Structures” Science 2005, 308, 1442.

223



CHAPTER 9

THE KINETICS OF LAME LLAR BCP DEFECT ANNE ALING

Directed seHassembly of block copolymers (BCPSs) is a process that has received
great interst in the field of nanananufacturing in the past decade, and great strides
towards forming high quality aligned patterns have been made. But state of the art
methods still yield defeadensitiesorders of magnitude higher than is necessary in-semi
conducbr fabrication even though free energy calculations suggest that equilibrium
defect densities are much lower than is necessary for economic -semductor
fabrication. This disparity suggests that the main problem may lie in the kinetics of defect
removal. This work uses a coarggained model to study the rates, pathways, and
dependencies of healing a common defect to give insight into the fundamental processes
that control defect healing and give guidance on optimal process conditions fer BCP
DSA. It is found that infinitely thick films yield an exponential drop in defect heal rate
abovec N- 30 Below ¢ N~ 30, the rate of transport was similar to the rate at which the
transition state was reached so that the overall rate changed only slightly. The energ
barrier in periodic simulations increased with 083Mon average. Thin film simulations
show no change in rate associated with the energy barrier bedwb0, and then show
an increase in energy barrier scaling with 8.26Thin film simulations always begin to
heal at either the free interface or the B@GRlerlayer interface where the increages
contact area associated with the transition state will be minimized, while the infinitely
thick films must start healing in theulk where theA-B contact area is increased. It is

also found that cooperative chain movement is required for the defect to start healing.
224



9.1.Introduction

Directed seHassembly of block copolymers (BCPSs) is a process that has received
great interest in théield of nanemanufacturing in the past decdtfeSurface features in
a prepatterned underlayer are used to guide BCPs into arrangements with long range
order at scales as low as 5 ArBy augmenting existing 193 nm and coming EUV
lithographic technlogies, BCP directed setfssembly can convert large pitch patterns
into a much smaller feature size. The conventional lithographic techniques would be used
to pattern a guiding layer, defined either by a chemical contcasin{oepitaxy®) or
topographiel contrast graphoepitaxy*!), to which the BCP would align. These types of
patterns and processes have been widely studied, but problems still abound. One major
problem that still exists is that of defects in the final BCP pattern, even after great effo
has gone forth into reducing defetisThe defect goal is less than 0.01 defects pér cm
but state of the art techniques still produce BCP based defects orders of magnitude higher
than this goat?'® Such high defectivity could be the result of an equilibrium defectivity
given a particular BCP and guiding pattern, but various models indicate that the
equilibrium defectivity is, for peeict conditions, orders of magnitude lower than is
currently being achieve™ Though the effects of processing conditions and various

imperfect underlayers still requires more study, this disparity may point to the

fundamental issue being dynamic in nattf*

While the driver for eliminating defects (the free energy difference between the
defective and the defect free state) increases withthe mobility of BCP chains

generally decreases asNncreases. Specifically, in the direction perpendicular toAthe
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B interface, the diffusion constant scales wit ¥%% These two competing factors
would likely lead one to the expectation teandc Nmay have an optimal value at some
intermediate value between the extremes of very weak incompatibility between the two
blocks coupled with very high mobility, and very high incompatibility between the two
blocks coupled with very low mobility; some intezthatec andc Nalue might be best.

This work will use a coarsgrained model to study the rates, pathways, and dependencies
of healing a common defect to give insight into the fundamental processes that control

defect healing and give guidance on optipraicess conditions for BCBSA.
9.2.Methods

9.2.1.Defect AnnealingSimulations

Defects were modeled both in simulations periodic in all three dimensions (fully
periodic), which models an infinitely thick film, and in a thin film on a neutral
underlayer. Inordertanal yze the healing rate of defec
generally O Nahjdcvaluesrwerabuilt and sineulatgd. The time to defect
annihilation was calculated for each defect and then a rate assigned to that particular set

of 6, N and simulation type (fully periodic or thin film).

Fully periodic simulations were built at five times the natural repeat distance of
the BCP in thex dimension, three times the natural repeat distance of the BCP yn the
dimension, and at one timdset natural repeat distance of the BCP inZligmension.
Previous studies have shown that for similar defects, the energy of the defect is not

affected at dimensions smaller than those chosen here, that is, the simulation box we use
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is large enough that does not affect the free energy of the deféttThe initial system

was built by placing beads at the equilibrium angle and bond length in the simulation
volume. The first bead placed on a chain was placed randomly in the simulation volume.
Two minimization steps were used. The first minimization step slowly smapart beads

that were randomly placed too close together, and thus have a very strong repulsive
interaction. Thalaa, Usg, andliap values were initialized at a very small value and then a
brief minimization was run using the FIRE minimizer in HOOMD. Thealues were

then increased in small steps with a short minimization run at each step, until the desired
value oflixg (1.26 nm in this case) was reached. Any beads that were too close together
were thus gently moved apart as the interaction distanceeéetthhem increases. Once

this step was complete, a second, longer minimization was run. From here, the defect was
built using an external potential running in the NVT ensemble. At this point in the
simulationc was set to 0 (by settingis e q u a | amdbks) Because inherent phase
separation in the BCP can work against the ordering caused by the external potential. The

potential is described by Equatiofg - 9.3.

D:

Ui, - 0.75Lg < x<0.75Lg

Uext =1 - 05Lg < y<05Lg 9.1
Iluout otherwise
?QO%Zp[xcos@M) - ysin(p/4)] 88
Uin = Atanrg ¢ Lo +8
%® 2pw o 92
& 0
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U is the potential energy scales the potential strength, is thenatural pitch of
the BCP system, and/ is the width of theA-B interface relative to the pitcHJgy
approximately matches the shape of the density profile of one of the blocks in a lamellae
forming BCP. A value of 0.053 is used far because it approximately matches the
interfacial width for the BCP systems useatdn Uy, is simply a 45° clockwise rotation of
the Uy potential with the central region of the simulation. It is this portion of the
potential that gives rise to the defect. The simulation was run with the external potential
for 150,000 timesteps with= 0, and then for 100,000 timesteps watat some positive
value of interest, resulting in a defect as showRigure9.1. If the step where = 0 was
omitted, th@ the overall time to the desired morphology was increased. A hgher
restricts the movement of beads through unlike sections, increasing the time for the beads

to move to the correct location under the influence of the external potential.

A) B)/._

Figure 9.1. Views of a representative periodic simulation. Periodic
simulations were periodic in all three dimensions. The defect was built
using the external potential described by Equatéh$ 9.3.
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Thin film simulations were built in a similar fashion at six times the natural repeat
distance of the BCP in thedimension, three times the natural repeat distance of the BCP
in they dimension, and various thicknesses in #f@imension. The simulation boxes are
periodic in thex andy dimensions, simulating an infinitely wide and long film, but not in
thez dimension, allowing a finite thickness and a free interface at the top of th&hien
underlayer is built using the same beads that comprise the film. It is built to model a
brush underlayer; an underlayer where short polymer chains are grafted to a hard
substrate. The bottommost bead in each chain that is part of the underlayed igfi
space, as if it were bonded to a silicon substrate. Full details regarding the underlayer can
be found elsewher&?* The initial system was built by placing beads at the equilibrium
angle and bond length in the simulation volume. The first beagéglan a chain was
placed randomly in the simulation volume restricted to some volume of the simulation
box 20 or 40 nm tall just above where the underlayer will be built. The resulting system is
then placed over an underlayer as sedfigare9.2. A wall potential is used at the top of
the film to encourage the film to make contact with the underlayer, and to prevent
topography in the film. This potential usts® samédorm as the noitbonded bead to bead
potential described in Chapter Bhe distance is defined as the distance from a bead to
the Awall o6 at the top of the film. This

turned off.
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Figure 9.2. Views of a representative thin film simulation. Thin film
simulations were periodic in the and y dimensions, but not in the
dimension. A) A film is built above an underlayer. This film is then made
to form a defect using the external potential describe&dpyations9.1
through9.3. The dotted line shows the location of the wall potential used
to help the film adhere to initially adhere to the underlayer and to keep the
film flat during the initial stages. B) and C) show the film adhered to the
underlayer in the defective stat

This system is then minimized in the same manner as the periodic simulation and
simulated for 100,000 timesteps with no external potentiaban@. This allows the film
to remove any high energy states and adhere to the underlayer before thes deat. i
The external potential is then turned on and the simulation is run for 100,000 timesteps,
and theng is set to the desired value and the simulation is run for another 100,000
timesteps. The external potential does a better job of making the datece = O
initially because it is not fighting against any forces in the BCP itself. Then, the external

potential is turned off and the simulation is run for some set period of time between 50
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and 400 ns. Simulations for sets of parameters that yialdecer rates were annealed
longer to allow for more defects to heal and better statistics to be obtained, but all

simulations for a given data point were run the same length of time.

9.2.2.Calculation of Defect Heal Rate

The alignment fraction (F) of eagdimulation, as defined in Equati@¥4, was

used to identify when the defect had healed.

0 94

Bcorrect IS the number of beads in the expected location, thaf ibgeads in
expectedA domains and beads in expectel domains for a perfect lamellar state with
no roughnesBrqiy is the total number of beadsor aligned lamellae sudcs atthe edge
of the simulations in this study; is high because the actual morphology only differs
from the expected by some roughness aptBeinterface. In the center of the simulation
containing the defecf is relatively low because there akebeads wherd beads are
expected and vice versa. To identify when the defect had h&ahef only calculated in
the three center lines that actually contain the defectKgpee 9.3) to decrease noise.
Figure 9.3 showsF through time forN = 64,6 N= 45, and a film thickness of 20 nm.
There is a very clear difference betweendeéctive state and the defect free state. The
initial drop is caused by an increase in roughness of the line edges that was suppressed by

the external potential which is turned off time 0.
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Figure 9.3. Representative plot of the fraction aligned (F) as the defect
heals. Only the region in the middle of the simulation designated by the
dotted line was used in the calculation. A cutoff value was assigned for

each set ofN and ¢ Nand the defect was deemednaaled when the
fraction aligned exceeded that value.

To identify when the defect was annihilated, a cutoff value was used. Because the
interfacial roughness varies withandN, a different cutoff must be set for each setof
andN. The cutoff was seitthe average of F over the last 3 ns of all the simulations in
which a defect healed for that case (that set, df, and simulation type). The heal time

was then designated as the first point that exceeded that value.

The defect heal rateas calculatedising Equatior®.5:

0

Y o 95

Riotis @ measure of the total rate of defect healing; it includes both the time before

the defect begins healing and the time it takes for the defect to heal once the transition
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has begunF is the fraction of defects healed in the maximum simulation tirdd,asis

the mean time to heal of the simulations that did heal within the maximum simulation
time. In generalF is one because all of the defects annealed within the simulation time,
S0 Ryt is simply the average rate for these simulations to anneathE cases where the
lowest rates were measurdel, is less than one because not all simulations annealed
during the maximum simulation time that was used. Since it took a very long time to
simulate an appreciable amount of defects healing in thoss, taedowerF correctly
weights the average rate. In particular, hggfNoeriodic simulations showed very low
rates and so yielded fewer healed defects. Simulation time was increased up to 400 ns,
but the order of magnitude drops in rates still limits tlumber of defects that healed in

the simulation time. The lowest rates had at least 25% of their simulations heal, but

generally, even in the cases where not all simulations healed, >50% of them did.

In Figure 9.3, there appear to be two timescales: one timescale over Whigh
relatively flat and which describes the time to pass the transition state (approximately O to
15 ns inFigure9.3), and one which over whidk continuously increases which describes
the time to completely heal the defect once the transition state has been passed
(approximately 15 to 28 naniFigure 9.3). We find that the first time scale varies
significantly within a single set of parameters, as it is determined by the energy barrier,
while the secondirhescale is relatively constant for a single set of parameters. We will
differentiate these two timescales by fitting the fraction defective over #getq an

exponentl decay as given in Equati®b.
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9.6

This is plotted inFigure 9.4 for a representative series of simulations. The
aforementioned time it takes for a defect to heal once healing has started is described by
the parametel (see insets iffigure9.4), while the time to begin healing is described by
the factork, in in terms of a time scale,Klor Y. The timescald], while important, is
likely to be of less interest because it wikdly be similar to or less than the time it takes
a disordered BCP film to order, and therefore unlikely to contribute to large numbers of
metastable defects in BCP systems. This allows us to separate the two relevant timescales
involved in the healing ofhese defects. This allows the rate of healing defects to be
separated into the two relevant timescales. Assuming there are a large enough number of
defects, one defect will reach its transition state immediately therefore the entirety of the
time that paticular defect heals is equivalent to the time required for the system to
progress from the transition state to the defect free dfatéf,no defect begins to heal
initially, then this unanticipated lag will increase the valuéldfut will have littleeffect

on the value ok.
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Figure9.4. Fraction defective ({f over time forc N= 35,N = 64 for a film
thickness of 20 nm.

9.3.Results and Discussion

9.3.1.Fully Periodic Simulation

Fully periodic simulations were run to calculate defect anneal rates for various
and N values. The fully periodic simulations are similar to those done by Takahashi et
al?®in that the effect of the BGPacuum and BCRinderlayer interfaces are esseniall
neglected. In this work there are no such interfaces, while in Takahashi et al., the
calculations are done in two dimensions and extrapolated to three dimensions, assuming
no variation through depth. Figure 9.5A plots the kinetic ates calculated using
Equation9.5 as a function o Nand N. Both increasedN and c Nesult in decreased

anneal rates. There also seems to be a significant drop in rate starting @riNarg0
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(thought this is clearer iRigure9.5B). The offset inN can be explained by the difference

in diffusivity and length scale of the defect as a functioN.dh order to heal the defect,
polymers must diffuse through the domaifi unlike type, the size of which is
proportional to the natural domain size of the polymer. Diffusivity scales wNhfdt/

Rouse chains (the relatively short polymers used here ensure Rouse dynamics), and the
distance polymer chains must diffuse scaléh the domain size of the polymer, (See the

healing pathway shown fEigure9.8).

These effects can be accounted for by defining two characteristic timesgades:

characteristic kinetic timescale, aggl a characteristic transport or diffusive timescale

t  pfY 9.7

t 0 7O 98

D is the diffusion constant measured in a simulation of homopolymer via mean
squared displacement (MSOD. is equal to the slope of the MSD of the beads in the
system at long times divided by 6y is the domain size of the BCHFigure 9.5B
compares the timescale of diffusio@)(to the timescale of defect healingy)( Large
values mean that the timescale for diffusion is greater than the timescale of the healing of
defects. The three data sets foundFigure 9.5B lie nearly ontop of one another,
showing that the differences in the timescale of diffusion explains the change in rate with
N seen in Figure 5A. ThHd = 64 data set does deviate slightly from the other two at low
G Nhut the difference is small and there is more @ors that data set. This noise is

caused by the relatively large interfacial thickness relative to the domain size, which
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creates noise in measurementsFofand leads to noisy measurementstf which

ultimately introduces noise in the calculated rate.

The timescale for diffusion can be associated with the time required for a mixed
BCP to phase separate and initially order. Therefore, it can be inferredrigone 9.5B
that atc Nsalues less than about 30, when the timescale for diffusion is larger than the
timescale for the healing of a defect, the energy barrier to defect healing is not important.
This is because the time to order the BCP from the initial mitee & longer than the
time to remove a defect from the simulation, and therefore little extra anneal time is
necessary to remove defects, perhaps on the order of the original ordering timescale. As
G Nncreases to ~ 35, the two phenomena are at sirmastales; increased time will be
necessary to remove all the defects from the system. The actual time required will depend
on the initial concentration of defects after ordering has occurred, which is a difficult
number to investigate, but significant vetion in defectivity will require anneal times
much longer than the characteristic timescale for diffusip (ncreasings Nabove 35
will cause the necessary annealing time to increase exponentially due to the increase in
the energy barrier to healimgfects, and therefore probably prevent viability. What the
initial concentration of defect is, and what it depends on is an important and interesting
guestion for BCP researchers, and one that requires more attention in the future. If this
number is ordes of magnitude higher than the desired defectivity, then even when defect
healing timescales are relatively short, significant anneal time will be required to remove
them. If, on the other hand, such concentrations are relatively small, then lower defect
heal rates may be viable. However, even after some optimization of anneal time,

currently achievable defect densities are still significantly higher than the desired density,
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and the initial density cannot be lower than the final density, so it is unttkatyinitial
defect concentrations are in fact low. How high these initial concentrations of defects

truly are, and what affects them, remains an important question.
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Figure9.5. Defect hear at es as a function of GN anc
simulations. A) plots the raw rates. B) plots rates normalized by?D/L

The relatively sharp change in slopeFigure9.5B atc N- 30 is interesting and
the cause for this is not necessarily clear at fikgt.confounds the time for a defect to
begin annealing with the time it takes for a defect to finish anneal once it has started; the
first is primarily associatedvith an energy barrier, while the second is primarily
determined by transport. While this overall rate is certainly useful, there is a lot to learn

from separating out the two effects.
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By fitting Equation9.6 to Fq, two parametersk and (, are found. These two
parameters correlate to the two timescales relevant in this prodegs. )y is associated
with the characteristic time to pass owlee energy barrier, and is associated with the
characteristic time to complete healing process once begun, that is, transport. Separating
the two portions out results in a clearer look at what the two components, the energy
barrier and transport limitains, are doing in the process of defect healing. To consider
the relative importance of the two timescalegure 9.6 plots /(] as a function o N .
Values above Indicate thatl] is greater thahy}, and so transport dominates the overall
rate, while values below 1 indication tHatis greater thatj and so the energy barrier
dominates the overall rate. Values near 1 indicate both are similarly important. At low
6 N/ is slightly above 1 but begins to decrease such that it passes 1 at @5
and drops well below 1 soon after. This tracks with the change in slope fotiglne
9.5, where the slope start to rapidly decrease & 30, the same approximate value at
which (/U start to become much less than 1 and the rate begins to be dominated by the

energy barrier.
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Figure96 Compari son of the characteristic
above 1 indicate that transport has a greater impact on the overall time to

defect annihilation, whiles values less than 1 indicate that the energy
barrier has a greater impact.

Though comparing both timescales is useful to understand the rates obtained in
Figure9.5, k by itself is also of interest because it gives more direct informaliontdahe
energy barrier. In addition, it is this portion that will be the primary cause for increased
anneal time aimed at reducing defectivity. This is bec&lgelikely to be equal to or
less than the timescale of bulk phase separation and ordeesenpiin any BCIDSA
process, sincll requites smaller amounts of transport to anneal the defect than the large
scale transport required to order the bulk BCP. This is seen in our simulations where bulk
alignment takes longer than the time required taeahthe defect once the energy barrier
is overcome. However, the time required to overcome the energy barrier (characterized

by () is often much longer than both.
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Figure 9.7 plots k as a function ot Ninstead of the change in slope found in
Figure9.5, the decrease in rate occurs ataland is approximately constant because the
effects of the two timescale, and {J that were convoluted iR*y;, are now separated
such that we only see the effects @f the timescale associated with overcoming the
energy barrier. This rate exponeniatiecreases witle Nover almost allc Nwith the
exception of thes N- 16.6 point for theN = 64 series. This might be explained either by
the increased noise close to the ODT caused by large interfacial roughness that obscures
the measurement d¥, and herefore of the rates, or by the fact multiple simulations
spontaneously formed extra defects that had to be removed before the simulation was to
be considered defect free. As can be seefignre 9.7, the rates scale with’8* "' e
0-2% Nand &% Nor theN = 64, 96, and 128 data sets respectively. Since all these are run
at constant temperature, these values tell how the activation energy for defect annealing

changes withs N Given how close these values are to one another, it appears that this

change in activation energy is constant vttvith a value of 0.3& N .
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Figure 9.7. Rates calculated usingxponential fit with exponential fits
shown. Exponential fit for N = 64 exclu

While these results are limited to this particular polymer and more work would
need to be done to extend this to the variety of polymers being used for thessepurpo
this relation allows researchers to directly consider the effeetiin defect annealing
rate when they are designing and optimizing their processes. A significant increase in the
energy barrier as a function ®fNs found, such that an order of gmtude drop in rate is
found with an increase i@ Nf less than 10 (FdRy, this is true folc N> 30 [Figure9.5]
and true at alt Nor k [Figure9.7]), highlighting the need to keep Now to increase
defect healing rates. However, in the case of this particular polymer, the energy barrier is
still sufficiently small ate N« ~30 that theate is still largely controlled by the timescale
of polymer rearrangement. The applicability of this fact to other polymers still needs to
be studied, as these timescales may be different relative to one another in different

polymer systems.
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Figure 9.8 shows a series of representative snapshots from a periodic defect
simulation through time wheld = 64 ande N= 31.6. Only theA domains in the center
region of the snulation are shown for clarity. The defect starts to heal by forming a
branch ofA across thé8 domain, shown irfrigure9.8B. Defects always began to heal by
forming abridge from theA domain to theA domain, not from thd domain to theB
domain, but they did not appear to favor the left or right side of the defect as the defect is
symmetric. This is not due to any chemical difference betweea #émelB blocks, as ta
parameters that guide them are identical, but because of the specific shape of the defect,
the two lines on the edge of the defect begin healing first and they are compdsed of
beads in this instance. This bridge corresponds to an increase in interfaaibetween
the A andB domains.Figure9.8 shows this first bridge as forming in the middle of the
dimension, but this bridge formed at a variety of points irztiienension, as the original
defect as determined by the externaleptil does not vary in that dimension. The time
at which this first branch formed also varies significantly, as is expected in a stochastic
process such as this. AsNncreases, the energy penalty for this extra interfacial area
increases, and as tharalty increases the occurrence of the bridge becomes less and less
likely, and so the rate decreases at high& Once the first bridge is formed the defect
starts to heal outward from that point on that side of the defect. Typically around the
same tine, though at higls Nhere is a fairly large delay, a bridge on the other side of the
defect forms, shown iRigure9.8C. Finally, the middle strip begins to heal wélB to B
domain bridge forming which appears as a hole irAtdemain shown as iRigure9.8D.

The order of these events is consistent across all periodic simslatnzluding those
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above and below N- 30, though those at very lasvNvill often form multiple branches

between the same domains before the defect is fully healed.

The formation of this first bridge seems to be associated with the transition state
of the defect healing pathway. Once this branch has formed, the defect always progressed
towards healing. However, if this branch had not yet formed there was no obvious way to
predict when a defect would heal. Occasionally, combinatiossMidN that exhilited
lower rates (higle Nand highN) would get stuck in a smaller defective state where one
side of the defect had begun to anneal; the simulation apparently reached a metastable
state at a smaller defect. It may be that there are two energy barriethe lrriergy
barrier of forming the first branch is higher than the energy barrier of forming the second
branch that finally anneals the whole defect, so that this metastable state where an
intermediate defect exists is rare. This metastable state may éewore apparent and
more important in largdl ande Ncases. In some cases, very lewsimulations formed
larger defects before finally removing the defect. The rates of different sizes of defects
and the pathways between them could be an important ptme @iverall defect healing

picture that deserves more study.
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Figure 9.8. Views of a representative defect through time as the defect
anneals (N = 64 and N = 31.6njis. Only th
shown for clarity. First a branch forms across one side of the defect, and

then as that line propagates outward the other side forms a branch and

soon after a hole forms in the center region. The branches thicken as the

hole widens until the defect iealed.

9.3.2.Thin Film Simulations

In the periodic simulations, it was clear that the rate decreased quickly with
increasings Neven after accounting for changes in diffusion and in the size of the defect
healed. However, it is possible that the interfagesgnt in thin films play an important
role in the process of defect healing, so thin films on neutral underlayers were simulated.
The value of k as function af Nwas calculated and is plotted kigure 9.9A for both
thin film simulations and periodic simulations. Thin film simulations and periodic
simulations show similar rates at lawwNG N-20), but very different rates at highN .
While the periodic simulations drop rapidly evercaalues just above 20, the thin film
simulations are more or less constant untid- 50, above which they drop fairly rapidly,
which means there is little to no dependence of the energy barremMontil ¢ N- 50,
after which the energy barrier increases vatiNFitting an exponential to the thin film
rates above N- 50 yields a slope 60.16 and-0.15 forN = 64 andN = 96 respectively,

about half that of the periodic simulations which yieldedopes of -0.31 on average,
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indicating that the time to overcome this energy barrier increases with increabhtg
about half the rate in the thin film situation as compared to the periodic simulations. As in
the periodic case, larg&t have a lower ratetavhich the energy barrier is overcome. 40
nm thick films (31 4 Lp) do not overcome the energy barrier at substantially different
rates as compared to 20 nm (1.8 Lo) thick films. However, as shown igure9.9B,

the time to heal once the defect has started healing does increase with film thickness.
There are only two data points for each set, but it would be reasonable to assude that
would be proportional to Iin thickness. This data is consistent with this hypothesis
because theé] values at 40 nm are close to twice that of thevalues at 20 nm.
Practically, real BCP DSA systems that operate @tNt 50, which encompasses nearly

all systems that operate the length scales of interedty(< ~ 25 nm), will see similar
defect removal rates, and there is no need to go to very Iblalues. In applications

that require much thicker films (orders of magnitude thickdryalues will potentially

grow so largethat this time scale dominates the anneal time such that the total anneal

time could be much higher, even though k is constant.
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Figure 9.9. A) Defect healing rates for the thin film simulations plotted

alongside the periodic simulation rates. Rate are calculated using an

exponential fit as ifFigure9.4. B) A v g valuesdtimé)to heal defect
once the transition state has occurred) as a function of film thickness.

The cause for the change in rate between periodic and thin film simulations can be
understood by viewing the defect heal pathwalkigure9.10. The thin film defect heals
similarly to the periodic defect, except that the bridges form at the surface of the film. In
all thin film simulations the bridges for at either the free interface or the film
underlayer interface. If the bridges were to form in the center of the film, the bridges
would be completely surrounded by unlike beads, but at the free interface or the film
underlayer interface, only half of titerfacial area of the bridge is now in contact with
unlike beads, lowering the energy penalty. The fact that the extra interfacial area
associated with the branch is about half of what it is in the periodic case may account for
the fact that the increa in energy barrier with Nn the thin film case is about half that

of the periodic case. The energy penalty scales eviband would be expected to scale
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with the added interfacial area, so when that area drops, so does the increaséNwith
This reduction in the energy penalty yields an apparently constant rate until vegy Nigh

values are reached at which point it halves the rate at which the barrier increases.

Figure9.10displays the defect healing pathway from beginning to endigute
9.11 (not the same simulation &gure9.10) takes a closer look at the initial formation
of the bridge as it forms initiallyFigure 9.11A and Figure 9.11B are shown to aid the
viewer in understanding the orientation of the viewigure9.11C. Only the B® film is
shown, but the underlayer is located beneath the BCP. One side of the defect is viewed at
an angle such that there is a clear gap between the two parts of the defect that first
connect in the healing process. This allows a clear view of the widths gap, and of
the formation of the first branch as shownFigure 9.10B. Initially, the interfaces that
form the sides of the gap are fairly parallel and thdltypically stay this way for some
time. Eventually, one side of the gap will slowly creep towards the other side. There will
still be a region 0B beads between th®domains that are nearing each other. It is clear
that this is not a single chainytthe cooperation of chains that causes the narrowing of
the gap near the BGihderlayer interface, or B&Racuum interface, though the final
formation of the branch may be composed primarily of a single chain as sEguia
9.11C at 31.8 ns. It is also not uncommon for one side of the wall to remain fairly straight
until the last moment while the other wall bends substantially towards the corresponding

interface.

It should be pointed out that only unpatterned underlayers have been used in this

study, but even on a patterned underlayer, defects are most likely to occur between the
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pinning stripes, not on top of them, or in the case of graphoepitaxy, near theofe¢néer
trench, not near the walls. If a pinning stripe is located directly beneath a formed defect,
the rate at which it heals would certainly be significantly increased so that the defects that
will be of interest will generally be those that are not tedadirectly over a pinning
stripe. Most existing techniques for chemoepitaxial or topographic BCP alignment,
include fairly wide areas between guiding featfff&s (at least three domains wide,
usually five or more) that will allow plenty of area free of pinning stripes for defect

formation.

A) 0.4 ns B) 1.8 ns C) 6.2 ns ) 10.6 ns E) 16 ns

%% uu

Figure 9.10. Views of a representative defect through time as the defect
ameals in a thin film (N = 64 and N
Only the A beads in the center region are shown for clarity. The pathway

is similar to that of the periodic simulation, except that the branches that
initialize the healing in each domamways occur at either the free

interface or the BCRinderlayer interface
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Figure 9.11. Images of the formation of the initial branch in a thin film

simulation (N = 96, GN A) add5B) area n d
included to give the viewer a clear idea of the view used in C). A) Uses
the same rotation and C), while B) gives a better view of the defect as a
whole. Only the A domains are shown, and the portions highlighted in red
are excluded from dp order to make the formation of the branch clearer.
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9.4.Conclusions

A coarse grained molecular dynamics model was used to study the rates and
pathways of defect healing in lamellar block copolymer thin films. Periodic simulations
showed a sharp decrease in rate as a functianNgr ¢ N> ~30. A universal rate curve
for this particular polymer and defect was found when the characteristic time scale for
diffusion was divided by the characteristic timescale for defect healing. After separating
the measured rate into contributions from the kinetic limitations to crossimgyene
barrier and transport limitations by fitting an exponential curve to the data, the energy
barrier was found to increase with 0c3lbn average. Thin film simulations were also
run, and it was found that the rate contribution from the energy barrier was independent
of c Nbelow c N~ 50. Above that value the energy barrier increased at approximately
0.16s Non average, about half that tfe periodic case. In the case of the thin film
simulations, the defects always began healing at either the free interface or the BCP
underlayer interface. In these regions the formation of the initial branch would interact
with approximately half of the nilike beads that it would in the absence of such
interfaces, probably accounting for the shift in the appearance of the energy barrier away
from low ¢ Nand for the change in slope of the energy barrier as a functienNdf is
also found that cooperatiwhain motion is necessary for this first branch to form and it is
the penalty for this motion that is responsible for setting the rate at which the energy

barrier for defect healing increases.
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CHAPTER 10
PROTRACTED COLORED N OISE DYNAMICS FOR POLYMER

SYSTEMS

Block copolymer (BCP) systems are often studied using mean field or self
consistent field theories because of the comparatively large scales, both in time and
space, involvedA method for increasing the efficiency of sampliactivated states in
molecular dynamics simulations of polymer systems is described. By applying a time
correlated random force along the backbone of the polymer chain, chain movement is
encouraged without significant perturbation of the free energyeadytbtem. This method
is applied to a coarsgrained MD model in the context of defect healing in an aligned
thin film system. It was found that PCND increased defect heal rate by 4 orders of
magnitude. Diffusion is also increased by about an order of itndgn An investigation
of the limits of the parameters that describe the random force was undertaken, and a set
of parameters that both significantly decrease defect heal time and have little effect on
system properties such as natural pitch and chaiistsia was found. A comparison to
increased temperature annealing was undertaken and it was found that the correlated

random force was much more effective at sampling over energy barriers.

10.1.Introduction

Block copolymer (BCP) systems are often studied gusimean field or self
consistent field theories because of the comparatively large scales, both in time and

space, involved? Diffusion in polymer systems is orders of magnitude lower than that
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of many systems based around small molecules requiring large simulation times, and the
relatively large dimensions of the polymer chains require simulation sizes to be
significantly larger than those of small molecules. In the pd€) $ears, various cose

grained Monte Carlo and molecular dynamics models have been developed to handle the
shortcoming of the various mean field theories that have been used for decades, namely
the lack of fluctuations which is known to be important near the order discadsititon

and in applications such as BCP directed self assembly (E¥3A9wever, such models

are still severely limited in the time and lengtalss they can achieve. Even relatively
short BCPs at realistic GGN values often ta
single defect. To anneal a whole array of
require months or even years of sintida time, an unusable timescale in the study of

BCP directed self assembly (DSA). Even in other fields, an atomistic or coarse grained
model of a polymer that can be used on very long time and/or length scales would be

very useful.

PCND is a method thaincreases the fluctuations in a system using time
correlated stochastic forces in order to increase sampling over energy barriers. Such a
method, if applied to polymer systems in an intelligent manner, should significantly
reduce the simulation time reged when studying slow transitions such as defect
removal in BCP systems. PCND has already been developed for use in a Lennard Jones
glass system. This work applies the ideas behind thglds$ version of PCND to

polymer systems.
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10.1.1.PCND and Langevin Dynamics

Paul Langevin developed the original Langevin equation in the eaﬁy 20
century® It was designed to describe Brownian motion, that is, the random motion of a
particle in a fluid caused by random collisions with other particles. It is based on the idea
that the mean kinetic energy of a particle should in thermal equilibrium should have a
value ofnkT/2 where n is the number of degrees of freedom for that particle, and that
there should be two forces acting on a particle of mass fluctuating or randa force
that represents the continuous impacts of molecules of the fluid on the particle, and the
second which is essentially a viscous drag. The first force should be random but over
long time average to zero, that is, it should not impart a net forctheomparticle.
Combining these two forces into an equation gives the simplified Langevin Eqdation

, Qwo ., Qo

o (90 -0 «a 00O 101

Equation 10.1 is the simplified Langevin Equation in one dimension, but it can be
extended to multiple dimensions easily. In Equatioi d ( is the random force, while

—is the frictional coefficient corresponding to the viscous drag. The particle has a position
of x(t) and a mass ofm. The inclusion of a random force (and therefore a random

variable) is the firsexample of a stochastic differential equation in literdture

The generalized Langevin equation was developed in 1960 by zWahrigo
did sobased on the idea of removing rapidly varying degrees of freedom. Mori later
refined the derivatioh™*? The generalized Langevin equation (GLE) is given in Equation

10.2 whered ( i$ ggain a stochastic force and which satisfies EquatidaBsaand10.4.
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That is, the average of ( @aver all time is zero and the correlation between the initial
velocities and the random force is zeft) is a viscous drag coefficient as before and is
related taq ( ky Equationl0.5.
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This relationship is sometimes described as the second fluctuligisipation theorerft.
The generalized Langevin equation can be reduced to the simplified Langevin equation

by assuming the stochastic forces have an infinitely small correlation time.

The degree to which this equation can increase fluctuations, and increase phase
space sampig, is limited. It is the connection between the drag coefficient and the
random force that limits stochastic fluctuations. The distribution of the random forces can
be increased by increasing the drag coefficient (see EquERibn Though the average
of the random force is zero, large rapid forces can be utilized by increasing the width of
the distribution. However, increasing the drag coefficient too much willtresan over

damping of the system and ultimately reduce fluctuations.
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Protracted colored noise dynamics (PCND
and the variance of the stochastic force distribution. This significantly increases
fluctuations and &ws viscous or highly constrained systems to sample phase space
much more quickly. Instead of mimicking a solvent using stochastic fluctuations, PCND
increases phase space sampling. By combining this approach with the used of colored
stochastic noise (thas, not white noise, or noise that does not equally sample all
frequencies in Fourier space), many different system types, especially systems where

activated processes are important, can be sample more efficiently.

The most common type of random forsea Gaussian random force, commonly

referred to as white noise. This noise can be described by EquEdi6rasd10.7.

¢-00 T 106

-0-00 g o o 10.7

Equation10.6 means that the average @f( ovgr time is zero, while Equatioh0.7
describes the variance of theawssian distribution and states that there is no time
correlation for such noise. This white noise is a time uncorrelated force, but in a colored

noise a time correlated force, can also be used.

PCND as used by Jenkihgjses an exponentially time correlated noiSe()(t )
using the differential equation described by Equati@8 with properties as described by

Equationsl0.9 and10.10.
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d ( & the Gaussian white noise as described in EquatiO@sand 10.7. The curly

brackets denote averaging over the distribution of initial conditions, the importance of
which is highlighted by Fox et &.The root mean square magnitude of the forces are
given by q/U and the correl ati tahvalies@e i s ¢

is given by Equatioi0.11.

v- =0 10.11
T

These forces were generated, bothJeykins and in the rest of this work, using the
algorithm of Fox etal!The al gori t hm generhbytusmgthaBox i ni t i

Mueller algorithm®>

¢ 7
S e ATO O
n © 1012

The variablesa andb are uniformly distributed random numbers between 0 and 1. The

noise is then integrated through time using Equati®xis3, 10.14, and10.15.
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Again, a and b are uniformly distributed random numbers between 0 and 1. These
uniformly distributed random numbers are generated every timestep for all
atoms/beads/spheres/chains for which the stochastic force is being applied.. For the
simulations in this work, randomumbers are generated using a Mersenne TWister
algorithm for each instance. The algorithm is seeded at the beginning of the simulation

with the current time in seconds from midnight January 1, 1970 UTC.

The random force is generated using this algoritbhy) ts substituted into the
Langevin Equation for thg ( terin. The Nosdéloover temperature controller is used for

all simulations.

This method has been applied to a Lennhrdes glass where it was shown to
drastically reduce the time an-glass to& to reach the crystalline state. After a brief
optimization of parameters, it was shown that using PCND can reduce the system
relaxation time by a factor of about 3000, while less optimal parameters showed a
reduction in relaxation time by a factor of aibdlO, as shown irFigure 10.1 from
Jenkins’ To estimate this decrease in relaxation time a linear model is assumed in the

decrease in potential energy for the simulation with no stochastic ndtsguire 10.1 to
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the known crystalline potential energin this case, both parameter sets shown caused an
increase in potential energy before dropping the energy significantly. Though it is not

clear for the data set whetk= 5 in Figure 10.1, the author claims such the text’ The

final energy level is constant for both, though the PCND does add a slight offset that
scales with the input parameters, increasing the finalgng st at e wi t h hi gh
values. It is suggested that a brief simulation without PCND, or a stepping down of
PCND parameters would remove this offset in energy altogether. Once the crystalline

state has been reached, the stochastic noise contimuesréase fluctuations in the

system, increase potential energy, but because the system is still in the crystalline state,
removing these fluctuations should quickly restore the overall system state and potential

energy to the true value for the crystadlistate.
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Figure10.1. From Jenkins Plot of reduced potential energy vs. reduced
time for two simulations with different PCND parameters and one
simulation run without PCND. The simulations with PCND reach the
equilibrium stae significantly faster than the simulation without.

10.2.Protracted colored noise for polymer systems

The LJglass version increased the intensity and the time correlation of thermal
fluctuations, but the immediate application of this increase in fluctuations to the polymer
system may not be useful. Applying an exponentially correlated force on everynahom
polymer (or bead in a coarse grained polymer) would increase fluctuations, but perhaps
not in a way that would ultimately increase diffusivity. Unless all the atoms in the chain
by chance happened to fluctuate in the same direction, the stochestE ey simply

act on the internal bond and angle energies of the polymer instead of moving the polymer
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through space. Apply the force identically to all atoms or beads in a chain might work
better, but would result in unrealistic motion, especially & ¢hse of entangled chains.

In the limit of many entanglements, it may not move the chains at all and again only act
on the internal energy of each polymer. Instead, it could be envisioned that applying the
force along the backbone of the polymer wouldilte the most realistic movement of

the chain; essentially the force would encourage a reptation like motion. This work will
describe PCND for polymer systems and demonstrate its effectiveness in-BSCP

context, though the results should be usefubafor similar polymer system.

The same coarse grained molecular dynamics model that has been used
throughout this thesis has been used here. As described earlier, NVT simulations have
been run using the Nog€oover thermostat algorithm. A stochastic fokeas applied
using Equatioril0.11 through Equatioh0.15, which culminate in Buation10.16 where
U(x) is the potential energyllis the stochastic force, ards the drag associated with the
temperature controller.

Qwo - . Qo
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The stochastic forc8 ( i$ dalculated via Equatiori.11 through10.15. This force was
applied to every interior bead on a chain in the direction of the baekbf the chain.

This direction was calculated by taking the vector between the two adjacent beads in the
chain as shown ifrigure 10.2. Every interior bead in a gjie chain experiences a force

of equal magnitude, but the direction of this force is rotated such that the direction of the
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force is along the backbone of the chain. While the positive direction of the backbone is
always from the A end of the chain to tBeend of the chain, the force can be negative,

which is the same as applying a positive force in the reverse direction. The end bead did

not experience any stochastic force due to PCND. The timescale over which the force
changes values is determined bgthpar amet er U, or the correl
square of the force is determined by the |
Figure103wher e various series of forces are ¢
values. The series are offset for clarity.
and as U i nrelatien dirmeeosthe forch iacreasest that is, the force changes
directions more gradually. The stochastic force algorithm was programmed into
HOOMD-blue'"*® by modifying the existing code. The random numbers are calculated at

every timestep usinilersenneTwister® algorithm for each instance at each timestep,
specifically the MT19937 implementation. The algorithm is seeded with the current time

in seconds from midnight January 1, 1970 UTC.
F /
/’ \

e

Figure 10.2. Visualization of how the stochastic forces are applied in
polymer PCND. The forces are applied along the backbone of the chain,
that is, the force on an interior bead is applied along the vector between
the two adjacent beads. The magnitude of the force isaime for every
bead on the chain and can change sign with time.
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Figure 10.3. Representative plot of the magnitude of the force over time

for a single chainAsatUvancoeasesaluebe
magnitude is correlated over | onger tin
for clarity.

The effect that PCND has on the fluctuations in the system can be visualized by
plotting energy histogramg:igure 10.4 plots energy histograms for simulations with
PCND (q/U = 0.1 kcal/mol and U = 1000 ps
temperatures. Adding PCND to the system keeps the average eoegggnt, (as is
required to keep the temperature constant) but the width of the distribution is increased.
This increase in width results in more high energy beads and polymers, which translates
into better phase space sampling, that is, energy barrierssaanpled over more
efficiently. Interestingly, the effect of temperature is much greater than the effect of
PCND on the amount of high energy beads. This might suggest that increasing the
temperature for a short period of time may be a way to sampleeoesgy barriers,

however it will be shown later that this is not as effective as PCND.
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Figure 10.4. Histogram of the potential energy of beads with and without
PCND at 500K and 600K. The inclusion of PCMNlightly widens the
energy distribution.

10.3.Applications of PCND for polymer systems

10.3.1.Increased Diffusion

The effect of PCND on diffusion was me.
and q/U values would increase di fofwhish on. T
N = 64 using the same potenti al set as us:¢
and the results are shownFigure10.5. Diffusion as a functiono) s eems t o f it
law of > ab®mal U values of U give significa
values yield diminishing returns. Figuee ef f e
10.6 shows the coefficient of the fits shownkigurel05as a functi on of q/

points seems to fall along a line, bnbre points are necessary to confirm. PCND clearly
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provides increased diffusivity. Increasing more than an order of magnitude would require

very large parameters.

5.00E-05 -
D= (3.38e6)x25+3.5e6
4.00E-05
» 3.00E-057 = (1.88e6)x2%+3.5e6
E
(]
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2.00E-05 mq/ U 0
Aq/ U =0
- — . 20. .
1.00E-05 D= (1.21e6)x%°+3.4e6 eq/ U = 0
[l‘ C]_/ U = 0
0.00E+00+ . . . .
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Figure 10.5. Plot of diffusion constantaa f uncti on of U for v
for N = 64. Diffust@an ampeéeaus tval seasl é o
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Figure 10.6. Plot of the fit coefficients fronfrigure 10.5 as a function of

q/@. The coefficients, and thus diffusi
q/ U.
The stochastic force (U(t), as describe

with thermal energy) moves the polymer through the bulk, but thebwonled potential
opposes this motion, essentially i mposing

when it is large compared to the Rbonded interaction strength of the homopolymers.

However,t he strength of q/U is confounded wit!
(N) . Because every bead on the chain experi
scales with the number of beads. Wh a t wo u
Prevbus | vy, a range of U values were’bused to

presumably U could be compared to the rel

interest.
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10.3.2.Increased defect heal rate

Defect healing rate is used as a measure of the effectiveness of PCND. The defect
rate was measured using the method describedhapt€r 9, but a brief description will
be given here. A defect was built using an external potential in a fully periodic
simulations were built at five times the natural repeat distance of the BCP i the
dimension, three times the natural repeat distafidbe BCP in they dimension, and at
one times the natural repeat distance of the BCP ia dimension. The defect heal rate
was calculated using Equati@0.17:

0

Y o 1017

Rsimis @ measure of theate of defect healingn the simulationit includes both
the time before the defect begins healing and the time it takes for the defect to heal once
the transition has begurthis rate should change in response to PCND, but this does not
indicate a chargin the true rate of the modeled system, onlyaite recorded in the
simulation Without PCND these rates are identical, beacauséd®?CND is applied with
the intention of reducing simulation time, and therefore increase simulatioRJateill
differ from the intrinsic defect heal rateFy is the fraction of defects healed in the
maximum simulation time aht,eis the mean time to heal of the simulations that did
heal within the maximum simulation time. In geneFal,is one because all of the defects
annealed within the simulation time, iy, is simply the average rate for these
simulationsto annealnl t he case of T = 600K and T =

no simulation healed in 500,000 ps.
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In order to demonstrate the usefulness of PCND for polymer systems, the effect
on defect anneal rate was measured and compared to simulations without P@\D. Th
results of defect anneal rate without PCND are taken from the chapter 9.Defect heal rates
for a jog defect are plotted as a function
for GN < 30 because, as expl aihisegionara t he
limited by the diffusion of mass into the already healing defect, not the initialization of
the healing process. Above this value, the rate decreases exponentially. In order to clearly
show the effect that PCND had on the rate of defectriggalefects were run with PCND
at a GN of 565. Extrapolating the results o
approximately 5x18 defects / ps. As shown ifrigure 10.7A, running the same
simulations with the addition of PCND with

rate of defect healing was drastically increased. In the best case the rate increased more

than 10,000 times over the extrapolated rate t h o u t PCND. Il ncreasin
def ect rate because |l arger q/U values samg
increase of in q/U would reduce the defec

likely to be deviation in the natdrpitch, as will be discussed later. It is worth noting that
the maximum rate achieved using PCND is very similar to the maximum rate achieved at

l ow 6N without PCND.
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Figure 10.7 Plots ofthe simulatedate of defect healing as a function of
GN and PCND parameters for N = 64. A)
function of N without PCND alongside
val ues for U = 500 ps and malxi mum r at

PCND sets show a massive increase in rate, ~200 times faster than the
extrapolated rates that do not use PCND. Increasing temperature does not
increase the rate as much as PCND does. No defect healed in the given
time frame for the elevated temperatusesd the rate shown is likely

higher than the real rate. B) shows the
and q/U. Rate is not sensitive to PCND
drop as U nears zero, as would be expec
Figurel0.7B pl ot s defect heal rates as a fun
that there may be some peak rate in U. L a

barriers and therefore in@ge defect heal rate, but if that value is too large then pathways

that do not lead to a healed defect are probed for too long, so time is wasted and the rate
decreases. It appears that the peak in def
moredata I s needed. This would make sense [
required for a certain pathway to be prog
decreased so that more pathways are probed more quickly, ultimately reducing the time

for a defecto heal.
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One obvious alternative to implementing the PCND process is to temporarily
increase the temperature of the simulation. As mentioned regafimge 104,
increasing the temperature has a greater effect on the number of high energy beads in the
system. In addition, increasing temperature temporarily is very easy and all platforms are
capable of doing so with no extra work. However, increasing temperatur@atoesrk
nearly as efficiently as using PCND. Simulation sets were run at three temperatures,
600K, 700K and 1000K and the rates were measured as before using the same initial
defects (as would be found in a 500K system) as in the PCND case. The goal is to
remove the defect and reach the final defect free state. The defect is one that would occur
in a 500K system, and occurs at the natural pitch of a 500K system. The pitch of the
guiding layer and the natural pitch polymer used to build the defect is justextlto
accommodate for the changes in pitch associated with temperature. This is because the
increase in temperature is would be a temporary one used to quickly sample over energy
barriers in the annealing process. Once the polymer has been ablestaher@nergy
barriers, the temperature would then be returned to the base temperature or 500 K. The
600 and 700K simulations did not produce any measurable results within 500,000 ps. The
point shown inFigure 10.7 for T = 600 and T= 700 refers to the rate that would be
measured if each had one defect heal at 500,000.05 ps, that is, one timestep past the end
of the run. This theoretically would be the maximum rate urdesascade of defects
began to heal soon after the end of the run which is unlikely. Even with the cascade
healing though, the measured rate would only be slightly higher. Regardless, the

theoretical rate for these simulations is far lower than the rabeed¥CND simulations.
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Simulations were also run at 1000K, but the change in pitch was so immense at
this temperature that a completely different structure was formed. Instead of healing the
defect, all of the lines buckled in order to match the sigmflgdower natural pitch of
the high temperature simulation, as showRigure10.8. The 600K and 700K simulation
also showed a slight slanting because of the incommensurability of the natural pitch at the
elevated temperature as compared to the natural pitch at the original temperature. The
simulation with PCND shows more fluctuatioras (seen in the rougher line edges) than
the systems without PCND, which is to be expected, but the overall pitch is nearly
identical and no slanting or buckling can be detected, as séeguire10.8. By including
PCND with parameters that do not significantly affect the equilibrium state, the rate at

which defects are sampled over is increased by 4 orders of magnitude.

T = 500K w/PCND T = 600K

¥

Figure 10.8. Images of end states of representative simulations. The
elevated temperatures cause a decrease in pitch which results in a tilt in
the lamellae. At T = 1000K the tilt is so extreme the lines buckle. At 500K
under PCND ( q/ U=500 @) tHere is oatitiigroechuse U
the natural pitch remains unchanged. There is increased interfacial
roughness due to the increased fluctuations.

The increase in temperature is not as effective as PCND because in PCND all the
beads on a chain exparne a force in a particular direction that is correlated along the
length of the chain, resulting in one increased mode of movement (reputation). On the

other hand, the higher energy states reached by increasing temperature increases
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translation in all diections randomly as well as increasing bond vibrations, resulting in
|l ess wuseful fluctuations. PCNDG6s motions

moves individual chains.

10.3.3.Efficiency of the PCND algorithm

The effect of PCND on the overall calatibn time was also computed. A
simulation of 15,900 beads in chains 1000 beads long was run and the time spent on each
part of the calculation was computed usin
results are shown ifrigure 10.9. The PCND calculation is about 5% of the overall
calculation time, indicating a relatively efficient process. The other columisyure
109 refer to the bond force and energy calculation, the angle force and energy
calculation, the integration, the Lennard Jones neighbor list calculation, the Lennard
Jones force anénergy calculation, and the overhead of memory transfers and other
process required by HOOMDOG6s algorithms. T
because the force magnitude is calculated once for each chain length; smaller chains will
take a longer e than longer chains. Fortunately, longer chains will probably benefit
more since they will generally have larger energy barriers and generally slower kinetics.
More optimization is probably possible, as this was simply done by a modification of
existing code and not programmed from scratch. Even in this current method though,

PCND is fairly efficient.
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Figure10.9. Time spent for various calculations during MD simulation in
HOOMD. PCND account for appraxiately 5% of the overall calculation
time when N = 1000. Smaller N will result in an increase in the relative
time spent calculating the PCND force.

10.4.Limits of PCND parameters

PCND parameters in the previous sections were chosen to highlight the
advantagesf PCND. However, the effect that parameters have on the system as a whole
is an important questio®ne way to determine what values
and what values are too large is to find the point at which alB8§&3 cohesionnder the
influence of PCND. This point was found for BCPs witdegree of polymerization of
64,96 and 128foranonkbonded i nteraction stmreoi@X h bet

This transitionis measured using the structure factor with a Laveidow function as
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calculated using Equatiot0.18. 2*** This method was also used to measure the natural

pitch of the BCP systems as described in Chapter 1.

i "Wl i Qery
"Y1 “r — Qi ——Qi 1018

The structure factor is essentially equivalent to the result of a scattering experiment,
which are often used to measure the ODT is experahegstems$>% As order is lost

there is a significant change in peak height of the scattering intensity, specifically to

| ower peak heights. Here, the storagvenur e f a
q/ U for N = .&G#nulatiodswera mud forl~258 ns. When there was a
significant decrease in the peak height, the simulation was considenaste undergone

a a disordering transiton The structure factor results f
are shown irFigure10.10. Adding PCND shrinks the peak of the structure factor due to

the increase fluctuations, but significant
peak heip t . However, the smal/l increase from (
very large decrease in peak height.this point, the cohesion of a single lamellar phase

is lost and fluctuations dominatasis corroborated b¥igure10.11. In Figure10.11, the
orientation of the | amell ae changes, but C
increases to 15,000 ps, but as U reaches 1
disintegrate.This is not the same as a ordered to mixed transitom@x ur s when @
drops too low, but is a different type of transition where the lamellae are constantly
fluctuating and reorienting, but the phase separation remains. This transition is not

common in the study of BCP systems and so more work is requiredlytaumderstand
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the nature of this transition. For the work described here it is only important to point out
that a BCP dominated by fluctuations will be largely useless and so this transition can be

considered an upper limit of usefulness.
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Figure10.10. Representative plot of the structure factor (S(q)) for various

values of U for q/U for N = 64. At low
peak changes Iittle with 000Hotovever, toh
U = 15,250 ps results in a sharp decrea

is associated with the ODT and means the BCP is now mixing.

= 1000 = 10000 t= 15000 t= 15250

Figure10.11. Images of the simulations for which the structure factor was

calculated in Figure 10.10. Rotations and increases in interfacial
roughness can be seen as U increases fo
15,250 ps the simulation has started to mix.
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This transitoras a functi on o FiguelOd2AaERedythidigtd s f ou
the upper right of the lines shown mix, while everything to the lower right still order at
this value of G . Large q/U values r,equire
strong force is not enough to mix the system, as it does less work and ultimately applies
less energy towards mixing the system than a strong force applied over time. This leads
to the result that the mixing curveskigure10.12A ar e dependent on bo:
is the work done by the stochastic force that causes mixisgmAntioned before
increasing Nincreases the total force on the chain because each dszides the same
force.Figure1012B pl ot s the mixing curve as N A q
transitionfor each N has very similar values. The small ipancies may be improved
by using finer differences in parameters.

force on the chain vs. the time the force is applied. It is the overall force on the chain that

appears to be important, not the forceeony gi ven bead. The effec
curve seems to be smaller as U increase:s
increases slowly at |l arge U, which sugges"

similar dependen kés reguired todullyguedersland théalependenae
of this mixing curve on U, q/U and N but t

for a simple study on the usefulness of PCND for polymers.
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Figure 10.12. Plot of the disorder transitiofbut not ordered to mixed

transiton)of a pol ymer as a function of U an
various N Parameters above and to the right of tueves the BCP

simulation mixes, whilgparameters below and to the left of thevesthe

BCP simulation phase separated.

The results irFigure 10.12 only give the absolute limit of parameters that could
be used. Any values at this limit or beyond will only mix the system and ultimately
produce useless results, but what effect does this have on the free energy of the system at
values to do not mix the system? A direct free energy calculation is time cogsand
fairly difficult, but a proxy, like the effect of PCND parameters on the natural pitch of the
BCP, is both easier and quicker than the full free energy calculation. The effect that
PCND had on the natural pitch of the system was measured usinguittare factor in
Equation10.18. The location of the peak gives the plane to plane repeat distance of the
polymer as described in Chapter 1. For a lamellar morpiiptbg plane to plane repeat
distance is equivalent to the natural pitch of the BCP. The natural pitchNot &4
lamellae forming BCP is shown fFigure10.13as a function of U for

black |Iine refers to the natur al pitch fou
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comparison. When U i s | oixngdtheppirdasrsodingoop t h e
to the |l argest U that did not cause mixing
to the no PCND case. For example, when U i
q/ U is within 3% of tRkepdsi mul athieon awigtelsa u tq
of q/U have similar behaviors. At higher
Simulations using PCND should be operated in the region where the pitch is minimally

af fected. The ef f e ditantlymoaetthamtie effect that BGND past ¢ h
on pitch. As GGN varies from 70 to 10.5 (th

13.3 nm, far greater than the change in pitch due to PCND shdvigure10.13.

12.5
| #*
4 No PCND
12 - l:
—_ ] A e -e-q/ 0 = 0
E11.5 4 ?\:\\k\ AN * kcal/mol*nm
S N ‘AN ! -a-q/ U0 = 0
a 111 é4 Vu_ _g-—+-e $ kcal/mol*nm
\ o
v -x-q/ U0 = 0
10.5 - N kcal/mol*nm
¥ -e-q/ U = 0
10 . . . . . . kcal/mol*nm
0 5000, 10000 15000
U(ps)
Figure10.13. Pl ot of measured natural pitch a
N = 64. At l ow values of U, PCND does

Higher valus yield a slight perturbation in pitch.

The results shown for the kinetic healing rates were chosen as to optimize heal

rate without significantly perturbing the system as describdeguare 10.12 and Figure
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10.13. The extra fluctuations in such simulations can be quickly removed by simulating

without PCND.

Radius of gyration (B, end to end distanceg)r bond length, and bond angle
were measured fovarious PCND parameters that did not greatly perturb the natural pitch
and the results are found kigure 10.14. Including PCND for the modest parameters

chosen haa negligible effect on the statistics shown.
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Figure10.14. Histograms of A) radius of gyration §RB) bond length, C)
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end to end distancep)y and D) bond angle for N = 64. PCND makes little
difference on these statistics for the parameters shown here.
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10.5.Conclusions

PCND was adapted for use in a polymer system. Instead of applying an
independent stochastic force to every bead or atom in a simulation, the stochastic forces
applied were the samerfa given chain, and applied in the direction along the backbone
of the chain. Some preliminary studies on the effects of PCND and its parameters on
energy distributions, diffusion, and equilibrium state were done. As expected, a slight
widening of the ditribution of energy was found. It was also found that diffusion
increased following a power law as U incre

Anorderdi sorder transition curve for PCND par

degrees of polymei zati on of N = 64 and N = 96. It w
q/ U were required to induce mixing and tha
of q/ U and N that induces mixing in the sy

thatit is the force on the overall chain that is important for mixing, not the force on the
individual. The effect on equilibrium doma
effect on equilibrium states. There exists a set of parameters that has htileffect on

the equilibrium domain size of the polymer system for the systems studied here. As the
mixed state is approached, there is found to be a decrease in pitch, approximately 12 % of

the overall pitch at worst. Defect healing rates were calculated a f uncti on
Compared to previous results at hi gh N,
10,000 even for very small parameters for
appeared to be an opti mal & Howeverreeenamoay f r o
optimal values significant increases in rate as compared to the simulation without PCND

were found. A comparison was made to defect heal rate with temperature increase. It was
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found that temperature did not increase heal ratesyneaflast as PCND, and the effect

on equilibrium morphology was greater indicating that PCND is a better tool for
sampling over energy barriers and better sampling phase space. PCND, as implemented
in HOOMD, was found to be a relatively efficient processtarms of total CPU (or

GPU) time.
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CHAPTER 11
STUDY ON LINEAR A -B MULTIBLOCK PITCH, ODT, AND CHAIN

CONFORMATIONS

11.1.Introduction

Block copolymers (BCPs) have been used in a variety of applications, including
adhesive tape, upholsyefoam, asphalt additives, and recently, nétimgraphy for
semiconductor fabrication. Decades of study have provided great advances in the
understanding of block copolymers, especially in the case of linear diblock copolymers,
the simplest form of blek copolymert® By using various computer simulation methods,
including a variety of meafield theorie$'°, Monte Carlo method§ and molecular
dynamics method§, great insight has been made into linear diblock copolymers. Some
of the more extensively studied topics include the edirder transitiot?, orderorder
transitions between various morphologies, the repeat distance between morphologic
units such as cylinders, spheres, or lamellar sheets, the thickness of the interfaces
between domairis Thin films BCPs have enjoyed extra focus within prast decade or
so because of their many applications in nanolithography, nano templating, nanoporous
membranes, and ulttsigh density storage mediavhile linear dibock copolymers have
been studied in great detail, and extensions made into triblock copolymers, few have
focused on multiblock copolymers. The sheer number of possible configurations of
multiblocks makes studying the entire space a significantestgdl This paper will

consider simulations of one small subclass of multiblock copolymers, namely,
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multiblocks formed by the linking together of linear diblock copolymers. Applications

will focus on those in the semiconductor manufacturing field.

For diblock copolymers, the orddisorder transition (ODT) is determined by the
product o f -Heigginé tinteeactiofr |paramgter) and, the degree of
polymerization. Meatfield predictions place the orddrsorder transition for a linear
diblockc opol y mer & The repeat dlistanceé of th® phdse separated domains
scales with K and scales witls”® wheneN is high. Whene Ns low, these saling
powers increase, but the dependenceNas always 0.5 larger thaa®. In the field of
semiconductor fabrication a small repeat distance is desirabkbeg smaller features
and therefore smaller transistors can be made. The focus of this paper is on linear
multiblock copolymers containing two types of monon#eiand B types. Higher order
block copolymers of the type studied here are made by linkindlesnwader block
copolymers together. As seenRigurel1l.1, a triblock copolymer (AB-B-A) is made of
two di-block copolymers (AB), and aetrablockcopolymer (AB-B-A-A-B) is a triblock
copolymer (AB-B-A) linked with a diblock copolymer (). Intuitively, this design
prevents domain size from scaling withas in diblock copolymers, as the domains will
be limited by the size of the limited length lkke sections in the polymer. This is has
been shown to be true in the case of sucblatck copolymers experimentally. At the
same time, increasing may cause the system to remain above the ODT, even at pitches
that would normally impossible with aattitional diblock BCP system. The effectiveness,
or lack thereof of this idea, as well as insightful information into the configurations of

chains in the phase separated lamellar state will be shown.
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Di-block /o~ A-B
Tri-block 7 VoY A-B-B-A

4-block VTN A-B-B-A-A-B
5-block AN~ TN AB-B-A-A-B-B-A

Figure11.1. Types of block copolymers simulated in this work. Diblock
copolymers are typically used in BEFSA, but other polymers may allow
smaller domain sizes by depressed in the effective ODT.

11.2. Model

11.2.1.Coarse Grained Model

A coarse grained molecular dynaminsdel as used elsewhere is used hefde
polymers are coarse grained by representing four monomers (which corresponds to a
statistical segment length) assigle bead. Four monomers was chosen because it
approximately corresponds to the statistical segment length of polystyrene and
poly(methyl methacrylate) as measured by atomistic simulations. Grouping a different
number of monomers were grouped togethéo ia single bead allows for different
statistical segment lengths, and therefore different chain flexibilities to be modeled. Each
bead experiences three different potentials: a nonbonded potential, a harmonic bond
potential, and a harmonic angle potentidhe non bonded potential is similar to a
LennardJones potential, but made softer and broader by usingdapo8ential. It uses

the form

201



or - = <7 11.1

WhereG] refers to the strength of the interaction between beads of type i and j, r refers to

the distance between the bead, &pcefers to the point of lowest energy in the potential.

Any two beads undergo this potential as long as they do not also paeticigabond or

angle potential. Two bead types were used as shown in Figure 1, and are referred to as
type A and typeB, each representing a different arbitrary monomer. The potential
function parameters for these tow bead types were set to reprodueetipsopimilar to
typical BCPs such as polystyrene and pol y(
system was manipulated via thesp ar amet er . The rel astwasons hi p
determined by assumi Ngf105mecalCuRTby tieberliByr ed a't
measuring the ODT for a seriegamd &haan b
found. This is analogous to what is done experimenkgllgeveral other researchers who

have measured the different ODT temperatures for different N and used this data to

e x t r a eTtrelatiohship**&® The full explanation and details of the relation can be

found elsewheré&’ The relation used here is found in Equatldr®.

XfﬂJT'U T8T'C T[&TC(P 11.2

The same potentiatalues as used elsewhere were also used'tEér&or the bond
potential, the spring constarksf) used was 100 kcal/(mol*nhand the equilibrium
length used was 0.82 nm. For angle potential, the spring con&taptused was 5

kcal/(md*nm?) and the equilibrium angle used was 120°. For the nonbonded potential,
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Cha and (gs were both set at 0.5 kcal/mol. All r valugs, Ugs andiag) were set at 1.26

nm.
11.2.2.Measurementof ODT

The SAXS peak intensity has been previously used experimetdatigtermine
ODT temperature for different molecular weights of poly(oxyethylene)
poly(oxybutylene) diblock copolymeté.Data from this study is shown Figure 2.15.
In the experimental study, the peak intensity was studied as a function of temperature. At
high temperatures, the system is mixed an
decreasingamperature. The peak intensity is a nearly constant at temperatures where the
system is mixed, but rapidly jumps to a much larger value at the ODT as the sample is
cooled. Further cooling the sample in the ordered state shows a slowly increasing peak
intensity as 6 further increases. l denti fic
in scattering intensity was shown to give equivalent results to identification of the ODT
temperature by conventional rheological measurements. The structure fagtpr S(
(defined in EquatiorL1.3) provides equivalent information to the pattern observed in a
smallangle scattering experiment and so the peak intensity of theus&dattor should
therefore give equivalent accuracy for identification of the ODT with changing

interaction strength in simulatidfi?°

Y- L
n P T ' ot P 11.3
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Figurell2. Changes in the scattering peak height for
poly(oxyethylenepoly(oxybutylene) diblock copolymers. A sharp
increase in peak height is seen at the ODT. Data from Mar &t al.

The structure factor for a BCP ggismul at.
shown inFigure 2.16; these results are directly extracted from the simulations shown in
Figure2.14. Figure2.16a shows the full structure factor whifégure 2.16b shows just
the peakintensity S(g*). The full structure factor shows the expected behavior. The well
separat ed st rgashkow strorgshamp peaks ooadspondidg to the domains
of the BCP. As the interaction strength between A and B segments increases, the peaks
become weaker and broader as the interface between domains becomes more diffuse.
Peaks are still observed below the visual ODTAgf= 0.37 Figure2.14) because of the
correlation hole effetand become very weak nearing the homogeneously mixed state.
Considering the change in peak intensityFigure 2.16b, there is an obvious jump in
S(g*) as the system crosses the ODT (betwgerr 0.36 andlig = 0.37)and a slowly

increasing peak intensity in the ordered phase as the AB interaction decreases; both
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results are fully consistent with the experimental results. What appears different from the
experimental result is that there is a reasonable irelieate peak intensity even in the

disordered phase Bz = 0.37 and below.

The increase in intensity in the disordered phase is fully consistent with Leibler
theory , and so should not be unexpected. The major difference between the experiment
and our simulation results is likely due to the small system size in our simulation. The
experimental scatterg is the result of measurements over a volume that is likely microns
to millimeters in length, while our experiments are only run on simulations that are
nanometers in length. The radial pair distribution function can only be evaluated up to a
distance that is the smallest simulation box dimension divided by the square root of two.
As a result, the upper limit on the integral in Equatidr8 used to calculate thetructure
factor is limited to this same r value. Since the integration is only over a few perieds (10
20 nm), the intensity of the scattering peak is relatively small, while in the experiment the
periodicity may persist for microns and is included ie fitattering spectra. This causes
the ODT to be significantly sharper when measured experimentally as compared to
computationally. However, the transition is still clearer seefrigure 2.16b and the

results match those found visuallyrigure2.14.
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Figure 11.3. Changes in the structure factor for a BCP with N = 32 for

di fferent values of & (AptheAd structuteer act i on
factor; (B) the peak intensity of the structure factor S(g*).

Figure 11.4. Bulk BCP structure after 100 ns simulation time for
increag¢idegr Basiwrg 06)2 = ((@)) 3k 036,) U
(da=U0.387 0elg=U0((f.)5,06 = 0.

11.2.3.Calculation of Chain Orientation and Statistics

The radius of gyrationRg) is commonly used to describe the size of chains in
polymer systems, but the eigenvalues of the radius of gyration tensor (S) as described by
Equation11.4 can provide much more information about the shape and orientation of

polymer chains in a systefh.
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s is the position vector of a coargeained bead and the overbar denotes averaging over
all backbone atoms in the chain. The center of mass of the chain is defined as the origin
so that sdescribes coordinates away from the center of mass. Transfo®nioga

principal axis diagonalizeS anda principal axis system can be chosen such that:
QO T T
Y m e o m 115
m T ®

11.6

The radius of gyratiofig is then equalko the square root of the sum of squares of the

eigenvectors 08, ,® , and® .
Y O O ® 11.7

The values of the eigenvalues of S can give us an idea of the shape of chains in the
system. For example, & 7 is large, then the chain is extended along a single axis. In

a phase separated BCP system this is generally an axis fairly perpendidh&arAt®&
interface. Similarly,, &, and ¢J then describe the size of the chain along is most
extended axis, along the most extended axis perpendicular to the first, and along the axis
perpendicular to those two axes respectively. This is showigure 115 for a triblock

(A-B-B-A) copolymer shown in two dimensions.
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Figure115. Diagram of thésandcomponents of the radius of gyration.

11.3. Results and Discussion

11.3.1. Multiblock BCP domain size

The domain size of BCPs with various numbers of blocks, at vasiealsies, and
at two different block lengths were measured. BCPs with 2, 3, 4, and 5 blockasadre
with block lengths in the diblock of 16 and 32 monomers. As can be sééguie11.6,
the number of blocks in a polymer chain does not significantly affect the domain size of
the BCP, consistent with experimental results. A priori it is conceivable that the
decreased entrodyom the extra bonds that the domain size would be slightly increased
in the larger block systems. The fact that this does not have a significant effect means that
if this ODT is depressed for BCPs with more blocks, then a smaller pitch would be
achievablewith those BCPs with more blocks. This results has been confirmed

experimentally in polystyrenk-poly(metyl methacrylate).
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Figure 11.6. Plot of measured natural pitchg]. as a faandti on of
numker of blocks. (A) shows the results using a diblock of 32 monomers

and polymers composed of linked N = 32 diblocks. (B) shows the same

for a diblock of 64 monomers.

11.3.2.Effect of Multiplicity of blocks on ODT

The orderdisorder transition was measured via 8tructure factor for a number

of N for a number of multiblock polymers. As can be seehrigurell.7a , the G6GN at
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ODT increases as the number of blocks increldsgever, this is not the value that is of
greatest concern. In order to determine if the ODT limited pitch in diblock systems can be
beaten by using triblock @-B-A) or high order multiblock copolymer, a diblock
equi val ent 6N mu s tusing the Niferthe entrel chain| thesNt far thel o f
equivalent diblock, that is the length of the first block and half of the second block in a

triblock or high order multiblock copolymer, is used. This results in:

0 -— 11.8

where Ngis the diblock equivalent N for a BCP with blocks. Because a triblock
copolymer as used here is simply two diblocks linked together, the diblock equivalent N
is half of the true N. Aetrablockcopolymer iscomposed to 3 diblocks linked end to end
and so the B, is 1/3 of the true N. This is most clearly seerFigure11.1. Bly plotting

G Iy as a function ob, the numier of blocks per chain, a fair comparison between blocks
of different length can be made. As seefrigurell7b, t her e i s aegdrop ¢
when a triblock isused, but negligible change after that. This is a very small depression
of the ODT and will result in a very modest change in ODT limited pitch for a given
BCP, thus using such polymers is not recommended. The effect of multiblock
copolymers on other impt@ant properties, such as defectivity, are not studied here,, but
may be worthy of study. Whatever the effect of multiblock copolymers on equilibrium
defect density, defect will surely heal out much more slowly than the equivalent diblock
systems both beaae N is longer, reducing diffusion, and the length of chain that must be

pulled through an unlike region is significantly larger than in the diblock case. By
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decreasing the rate at which defects heal, the measured defectivity may increase above

the diblok equivalent.

A) 50  =e=Diblock
1 —@=Triblock
] =a=Tetrablock
40 1 —e=Pentablock
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Figure 11.7. A) PlomtcMfatec Nt he ODT) as a funcH
bl ocks per ¢ heg(Ngis thé&diblodk lequivalert N) as &
function of blocks per chain.
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11.3.3.Chain Conformations

Diblock copolymers only have one basic conformation in a phase separated state
as seen irFigure 11.8a. The chain is basically perpendicular to th& Anterface with
half of the chain in adjacent domains. Triblock copolymers though have two different
conformations: one that extends across three domains and one that loops back and only
inhabits two domains. This is shown kfgure 11.8b. The distributions of these two

conformations is probed by measuring the shape of the chains.

The shape of the chains in diblock and multiblock systems was measured using
the eigenvalug of the radius of gyration tensor as described akidwiescribes the size
of the chain along is most extended akisiescribes the size of the chain along the most
extended axis perpendicular to the first, ahdescribes the size of the chain aldhg
axis perpendicular to those two axes respectively. This is showingume 11.5 for a

triblock (A-B-B-A) copolymer.

Two chain descriptors, the end to end distangeanddware plotted normalized by
the pitch in Figure 11.9. Because the diblock copolymers only have one basic
conformation, there is a single peak. The triblackolymers have two peaks because
they have two basic conformation: the first peak corresponds to the loop conformation,
while the second corresponds to the extended conformation. The end to end distance of
such a conformation is small because the tworcleaids end up relative close. The
extended conformation is represented by the peak arglind=r0.9. These chains span
approximately a full domain from the center of one domain to the center of the other and

this is reflected in their end to end distanelative to the pitch. By using/L, instead of
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ro/lLo, Similar information is gained, but in perhaps a more intuitive way. Instead of
considering chains ends (for which peaks become confounded with higher order
multiblock polymers)@/L, uses the shaps the whole chain which is more intuitive and
easier to distinguish with longer chains. When plotted this way, the two peaks are still
represented, but this time, the diblock peak and the looped triblock peak occur at the
same value, which makes senseduse the take up approximately the same space

perpendicular to the /8 interface.

Figure 11.8. Diagram of conformations of Diblock and Triblock
copolymers. The Diblock only has one conformation, whike Thiblock
has two, an extended and a loop conformation.
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